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Being held on a regular basis, like some other conferences with long
tradition, the MMA 2012 — ADVANCED PRODUCTION TECHNOLOGIES contributes
to continuous application of scientific results and professional know-how in the
metalworking industry, regardless of the difficulties this industry has been facing during
the last two decades.

By organizing the MMA 2012 Conference, the research potential of our
country relies on its traditional enthusiasm and perseverance in order to contribute to
advancement of production engineering in this region — not only through application of
scientific results and professional know-how in practice, but also in education of
engineers in the field of production technologies and techniques.

The eleventh International Scientific Conference MMA 2012 — ADVANCED
PRODUCTION TECHNOLOGIES is for the tenth time being held with international
participation. Throughout the years, by the number of contributions, their quality and
participation of international authors, the Conference has earned a respectable
reputation among scientists and industry professionals.

This year MMA — ADVANCED PRODUCTION TECHNOLOGIES focuses on
the following topics:

¢ METAL CUTTING

¢ MACHINE TOOLS AND AUTOMATIC FLEXIBLE TECHNOLOGICAL
SYSTEMS, CAx AND CIM PROCEDURES AND SYSTEMS

¢ METROLOGY, QUALITY, FIXTURES, METAL CUTTING TOOLS AND
TRIBOLOGY

¢ MECHANICAL ENGINEERING AND ENVIRONMENTAL
PROTECTION

¢ OTHER PRODUCTION ENGINEERING TECHNOLOGIES

¢ BIO-MEDICAL ENGINEERING — CAx

With 129 papers and contributions by international authors from 20 different
countries, 11" International Scientific Conference MMA 2012 — ADVANCED
PRODUCTION TECHNOLOGIES successfully maintains the high level set by the
previous conferences. Participation of a large number of domestic and international
authors, as well as the diversity of topics, justifies our efforts to organize this
conference and contribute to exchange of knowledge, research results and experience of
industry experts, research institutions and faculties which all share a common interest
in the field of production engineering.

Novi Sad, September 2012 PROGRAMME AND ORGANIZING
COMMITTEE
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THE EFFECT OF ABRASIVE WATER JET CUTTING PARAMETERS ON KERF
GEOMETRY

Abstract: Kerf geometry is a characteristic of major interest in abrasive water jet cutting. The irregularities in kerf
geometry significantly affect limitation on the application of the abrasive water jet cutting. The effect of abrasive
water jet cutting parameters on cutting performance is characterized by kerf width and kerf taper. All of the
independent abrasive water jet cutting parameters affects kerf width and kerf taper. Those parameters are operating
pressure, abrasive mass flow and traverse speed. The aim of this paper is to investigate the effect of machining
parameters on kerf geometry. C4580 (AISI 304) was machined by abrasive water jet under varying traverse speeds,
water jet operating pressures and abrasive mass flow rates. The machined kerfs were examined. The research
results show that as traverse speed increases, the kerf is narrower. Also, increase in water jet pressure is associated

with an increased kerf width.

Key words: abrasive water jet cutting, kerf widt, kerf taper

1. INTRODUCTION

The requirements regarding the accuracy of shape
and dimensions of the processing part are becoming
more stringent today. Also, in terms of contour cutting
of materials, regarding the complexity of the contours,
the requirements are more complex. Therefore,
unconventional machining methods have been more
frequently applied in modern production.

Abrasive water jet processing technology is one of
the most recent unconventional methods used for
materials processing in industry. Abrasive water jet
processing technology offers many advantages
compared to traditional and other non-traditional
processing technologies; no thermal distortion, high
machining versatility, minimum stresses on the work
piece, high flexibility and small cutting and clamping
forces. [1] Also, abrasive water jet processing has some
disadvantages; a disparity in quality of the machined
surface and kerf taper. Therefore this paper presents the
effect of abrasive water jet cutting parameters such as
operating pressure, traverse speed and abrasive mass
flow rates.

2. KERF GEOMETRY

The quality of the machined surface is a complex
concept which includes changes of characteristics of
material, structure, and size of the defect layer,
roughness of the machined surface and geometrical
characteristics of the cut. The quality of some cutting
process can be evaluated through measuring certain
characteristics such as roughness of the machined
surface, through satisfying demands of tolerance,
parallelism of the cut sides and their normality to the
base surface. When processing with abrasive water jet,
the workpiece accuracy depends on the kerf geometry.
Kerf geometry is a characteristic of major interest in
abrasive water jet processing.
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Fig. 1. The kerf geometry

The kerf geometry of a through cut generated by
abrasive water jet is characterized by a small rounded
corner at the top edge due to the plastic deformation of
material caused by jet hitting the surface of the
workpiece and small burr at the bottom edge, fig.1. As
the kerf is wider at the top than at the bottom, the taper
is produced. The kerf taper is usually defined with two
parameters; u and a, fig.1.
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W, — width of the kerf on the top
W, — width of the kerf on the bottom
s — thickness of the workpiece
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Fig. 2. The different types of kerf taper[2]

Figure 2. shows the appearance of the different types of
kerf taper.



V-shaped taper is where the top of the kerf is wider
than the bottom. It is the most common type of the kerf
taper. This type occurs because cutting energy of the
abrasive water jet is larger at the top of the kerf than at
the bottom. This kerf taper is more pronounced with
increase of the traverse speed, fig. 3.

Reverse taper is where the top of the kerf is narrower
than the bottom. This type occurs when traverse speed
is very low. Also, it occurs when machined material is
very soft.

Barrel taper is where the middle is wider than the top or
the bottom. Barrel taper occurs when machined
material is very thick.

Speed ——
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Fig. 3.
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The kerf geometry for different traverse speed

Figure 3. shows the appearance of the kerf depending
on the change of traverse speed. For very low traverse
speed bottom of the kerf is wider than the top. It is
because abrasive water jet stream expands at the
bottom of the kerf and removes more material at the
bottom than at the top. With increase of traverse speed,
top of the kerf becomes wider, and at the one moment,
for specific values of traverse speed, sides of the kerf
are parallel. With further increase of traverse speed, top
of the kerf becomes wider of the bottom of the kerf.

3. EXPERIMENTAL WORK

All irregularities on the machined surface, obtained
either by the standard or unconventional treatment
processes (laser, plasma, abrasive water jet), are
machined surface characteristics, and they are precisely
standardized [3]. The aim of this study is to
experimentally investigate the influence of operating
pressure, abrasive flow rate and traverse speed on kerf
geometry.

The experiment was conducted on a PTV Abrasive
Water Jet machine, equipped with a multiplier 60K
(pressure up to 4130 bar).

Table 1. shows the values of abrasive water jet
cutting parameters for each specimen. The other cutting
parameters were kept constant. Abrasive type was
garnet, MASH#80, stand off distance was 3mm. The
specimens were of 20mm thick stainless steel C4580
(AISI 304).

2

Specimen Traverse Operating Abrasive
number speed pressure fow rate
V[mm/min] P[bar] Qa [g/min]
1. 50 2700 400
2. 50 3200 400
3. 50 3800 400
4. 50 4130 400
5. 50 4130 200
6. 50 4130 250
7. 50 4130 300
8. 50 4130 350
9. 50 4130 400
10. 30 4130 400
11. 50 4130 400
12. 70 4130 400
13. 90 4130 400
14. 110 4130 400
Table 1.

Figure 4. shows the appearance of kerf geometry of
20mm thick C4580 for different operating pressures,
specimens 1 to 4.

Fig. 4. The kerf geometry for different operating
pressures

Figure 5. shows the appearance of kerf geometry of the
same 20mm thick C4580 for different abrasive flow
rates, specimens 5 to 9.

Fig. 5.
rates

The kerf geometry for different abrasive flow

Figure 6. shows the effect of the traverse speed on the
kerf geometry, for 20mm thick C4580, specimens 10 to
14.

Fig. 6. The kerf geometry for different traverse speed




The kerf geometry (top and bottom kerf widths)
was measured from the optical microscope images. The
measurements are accurate to 0.01 mm. The results of

measurement are given in table 2.

Sﬁﬁrcritri:ern Wd[mm] | Wg[mm] | u[mm] a[°]
1. 0.642 1.104 0231 | 0.662
2. 0.689 1118 | 02145 | 0.614
3. 0.754 1.130 0.188 | 0.538
4. 0.865 1.137 0.136 | 0.3896
5 0.732 1.090 0.179 | 0.513
6. 0.820 1.153 | 0.1665 | 0477
7. 0.811 1.119 0.154 | 0.441
8. 0.766 1.116 0.175 | 0.501
9. 0.809 1.153 0.172 | 0.493
10. 0.995 1.133 0.069 | 0.198
11. 0.883 1.125 0.121 | 0.347
1. 0.764 1.060 0.148 | 0.424
13. 0.651 1.075 0212 | 0.607
14. 0.628 1.072 0222 | 0.636

Table 2.

The results from Table 2
following diagrams.
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Fig. 12. Traverse speed influence on the kerf taper

Figures 7. and 8. shows influence of operating
pressure on the kerf geometry. Increase of operating
pressure results in increase of the width of the kerf.
Increase of the bottom kerf width is more significant.
With increase of the operating pressure, kerf taper
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decreases.

Figures 9. and 10. shows influence of the abrasive
flow rate on the kerf geometry. There cannot be
established a strong correlation between abrasive flow
rate and changes in the kerf geometry.

Figures 11. and 12. shows influence of the traverse
speed on the kerf geometry. Increase of the traverse
speed influences decrease of the width of the kerf.
Decrease of the bottom kerf width is more significant
than decrease of the top width of the kerf. Increase of
traverse speed results in increase of the kerf taper.

4. CONCLUSION

This paper presents the results of the investigation
concerning the effect of abrasive water jet cutting
parameters on the kerf geometry. The effect of the
operating pressure and the traverse speed is evident.
The influence of the abrasive mass flow on the kerf
geometry cannot be clearly determined.

The increase of operating pressure results in
increase of the width of the kerf while increase of the
traverse speed influences decrease of the width of the
kerf. Changes in the bottom kerf width are more
significant than changes of the top width of the kerf.

With increase of the operating pressure, kerf taper
decreases. Increase of traverse speed results in increase
of the kerf taper.

The basic goal of any processing is more accurate
workpiece. When processing with abrasive water jet,
the accuracy of workpiece is achieved by reducing the
width of the kerf and kerf taper. This can be achieved
by proper combination of the abrasive water jet cutting
parameters. Special attention should be given to the
selection of the operating pressure and traverse speed
because they have the most significant influence on the
kerf geometry. The best combination is processing with
high values of operating pressure and low traverse
speed.
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OPERATIONAL CHARACTERISTIC OF SHREDDING MACHINES

Abstract: Shredding machines are one of important machines, in the field of biomass processing. These machines
are responsible for preparation of different materials before final processing. Are the key point in production lines
for briquetting and pelleting, but also in other areas of industry for preparation of materials in primary or
secondary material processing. This paper deals with operational characteristics of shredding machines, which are

important for correct and efficient machine running.

Key words: shredding, disintegration, shredding machines

1. INTRODUCTION

Nowadays are the shredding machines widely used in
primary production and material processing as well as
in processing secondary raw material (secondary
processing of materials for their further material or
energy capitalizing). Shredding devices can be divided
by different criteria and form of their utilization. Basic
dividing of shredding machines is as follows [1], [2]:

Shredding machines can be divided by functional

principle to:

-swing-hammer; -jaw; -granulating;
-impact; -screw; -cone;
-special;

By number of rotors:

-single-rotor; -two-rotor; -multi-rotor;
By type of tool:

-monolithic; -segmented;

By character of acting force:
-dynamic acting force;

By frequency of rotating:
-low-frequency;

-static acting force;

-high frequency;

By mobility:

-mobile; -static;

By selected technical parameters:

-input power; -hourly output; -dimensions;

-feed opening; -input and output fraction;
2. MATHEMATICAL FORMULAS
DESCRIBING CUTTING PROCESS

By verification of a mathematical model and by
implementation of experimental coefficients could be
obtained a real tool for practical calculations in the
design of disintegration machine. Because there is
currently no suitable software for calculation, the
engineers are often forced to wuse only simple
approximations and inaccurate calculations; eventually
they modify the machines following the results of
testing running. In the absence of such an instrument,
designed machines are oversized or undersized. Our
goal is to find in available literature the mathematical
models that would be suitable as a basis to develop a
mathematical model for the disintegration process. By
analysis, comparison and experimental verification we

could adapt them and wuse for designing of

disintegration machines. Analyzed mathematical

models are based on different hypotheses [3]:

e  Matrix model of diminution [4] — is used to create
so-called disintegration schemes in the processing of
rocks and simulations of these schemes;

e  Mathematical model for calculation of cutting
forces [5], [6] — based on mathematical models used
to calculate the cutting forces in the sawing process of
wood by disc tools;

Physical — Technological theory
By Briks [7] the cutting force is as follow:

F=Kihb+K;b=F:+ Fep (N) 1)
where:

K1, K specific cutting resistance (MPa),

Fe force on face surface (N),

Fehrb force on back surface (N),

h chip thickness (mm),

b width of the chip (mm).

The purpose of this deduction is that the cutting force
consists of two components, one of which (F) is
directly proportional to the cross-section of the area of
chip b - h, the second (Fg) is directly proportional
only to the width of the chip b. The Briks deductions
are practically expression of space distribution of the
forces:

- the forces causing above the level of new creating
surface (Fe),

- the forces causing bellow the level of new surface
(Fenin), Whereby the level of new surface approximately
passing the curvature centroid of edge.

The expression of this methodology is generalizing

equation
F=Kbh=F:+Fen (N) (2)
where K= (K;+ Kyh) (MPa) is specific cutting

resistance (MPa)

Empirical — Statistical theory

In summary can be stated, that physical — technological
theory is currently the most sophisticated source of
information for dimensioning of drives and also for
designers of wood processing tools and machines (by
distribution of cutting forces F to the tangential and
radial component).



In generally [8], [9] applies to woodworking:
F=K-b-h (N) (3)

where: F — cutting force (N),

K — specific cutting resistance (MPa),

b — width of the chip (mm),

h; — chip thickness (mm).
This mathematics formula expresses the simple
dependence, that general cutting force in wood dividing
is function of specific cutting resistance and chip size.

By [10], [5] is the shear force in the shear process with
parallel shearing tool, calculated by mathematical
formula:
F=S:-7(N) 4
where F — shear force (N),
S — cross-sectional surface area of mat. (mm?),
7— strength of the material in shear (MPa).
Necessary shear force for shearing by shears with
inclined top shearing tool, can be calculated by
mathematical formula [10], [11]:

2
F-_>"7 (N) ®)
2-tang
where: F —shear force (N),

7— strength of the material in shear (MPa),
s — thickness of material (mm),
@ — interaction angle (°).

For shearing with disc shear is given mathematic
formula [10]:
A ©
tan ¢
Where: oy, — tensile strength of material (MPa),
s — thickness of sheared material (mm),
§—(1,2a21,6) &,
o — relative slit, when shear of material
occur (mm),
@— interaction angle (°).

3. QUANTITATIVE COMPARISON OF
SELECTED MATHEMATICAL MODELS

In the following paragraph are mentioned values of
forces, which have been calculated by selected
mathematical formulas (tab. 1), mentioned in previous
paragraph [12]. From these values should be obvious,
how big are the value differences in force calculation
for different (selected) way of force calculations (Fig.
1).

We used the same input values and coefficients, which
we are able to figure out. In Tab. 1 and on Fig. 1 we
can see considerable differences in calculated force
values, which are necessary for disintegration of
material sample, calculated by different ways by
previous mentioned mathematical formulas.

On the Fig. 1 is markedly see, that result value of
cutting force by mathematical formula (6) is significant
different comparing to other calculated values.

From these significant differences is evident, that will
be necessary to make, detail analysis of mentioned
mathematical formulas and figure out most reliable
mathematical model for calculation of necessary force
in disintegrative process.
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On the basis of analysis of mathematical models, we
decided to use the mathematical formula (4) as a base
for creating of new mathematical model, which will be
describing the disintegrative process. In this research
we will deal exclusively with wood material
disintegration, accordingly also the mathematical
formula will be created for using in wood processing.

Tab. 1 Values of cutting force

Type of mathematical formula | Equation | Force
No. F (N)
General - wood processing (3) 5672
Shearing — parallel shear tool (4) 4 400
Shearing — inclined shear tool (5) 2 666
Shearing — dick shear tool (6) 10 533
Cutting force comparison

12000

10000 =
g 8000 — o@)
= 6000 — :Eg;
E 4000 — 86

I B

0 T T T
@ @ ® ®
Equation No.

Fig. 1 Comparison of cutting forces

Next result from analysis is that if we want to
investigate the influence of individual parameters,
which have been mentioned in analysis, is necessary to
design and manufacture the measuring stand of
disintegrative device, which will allow change of
biggest number of defined parameters.

4. PARAMETERS OF THE DISINTEGRATION
PROCESS

On Institute of manufacturing systems, environmental
technology and quality management we work on
development of shredding machines and research of
influence of different parameters (factors) on operating
characteristics of device. For this purpose we designed
and manufactured measurement stand of shredding
(disintegrative) machine (Fig. 2).

Fig. 2 Measurement stand of disintegrative machine
[15]



This device allows setting and variation of several
parameters, which relate with machine running. This is
mainly concerned to geometrical, dimensional and
operational parameters (factors), which can influence
the loading of disintegrative machine in the running
process.

Eight following factors (A, B, C, D, E, F, G, H) was
selected, from which the first have two levels and
others seven have three levels:

Factor A: distance between shafts a

Factor B: size of back-off angle « on disinteg. wedge
Factor C: frequency of shaft rotation n

Factor D: cross-sectional surface of disintegrated
material S

Factor E: width of disintegrative wedge b

Factor F: size of cutting edge » on disinteg. wedge
Factor G: moisture content of treated wood w

Factor H: height of disintegrative wedge h

Tab. 2 Description of factors levels for Taguchi

experimental scheme L18

Factor | Level 1 Level 2 Level 3
A 165 mm 183 mm -
B 0° 10° 20°
C 25 ot/min 47 ot/min 75 ot/min
D 100 mm? 200 mm” 300mm?
E 14mm 18mm 25 mm
F -10° 10° 30°
G 10% 25% 40%
H 16,5mm 25mm 34,5mm

Following these input parameters (factors) we could
prepare experimental scheme.

If we want to make full experimental scheme, which
have eight factors and three levels for each factor, we
need in case of ten repeated measurements N, = 10 x 3®
= 65 610 experiments.

For eight factors and two levels for each factor is
necessary to perform N, = 10 x 28 = 2 560 experiments,
in full experimental scheme.

To eliminate this high number of experiments we
accede to design of experiment by Taguchi — DOE
[13], [14]. For case reported in Tab. 2, when we have
eight factors, from which one have two levels and
seven have three levels, can be used Taguchi design of
experiment L18 (2* x 37), which dismiss interactions.
For ten repeated measurements g = 10, so N, = 10 x 18

= 180 experiments.

The evaluation of such experiment is quite difficult,
therefore is desirable to use software for evaluation by
standard method ANOVA, or similar methods, for this
purpose.

P (kW)
7
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Fig. 4 Geometry impact of disintegrative tool to input
power [4]: 1 — hardwood, 2, 3- softwood
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Fig. 5 Moisture and type of wood impact to shear
strength of disintegrating material [5]: ab —
Swedish pine (Schlyter), ¢ — spruce (Newlin)

5. EXPERIMENTAL MATHEMATICAL MODEL

Torque moment Mk (Nm'
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Fig. 6 Torque and input Power in relation to shredding
face angle

Following the design of experiment [15] and performed
experimental tests we confirm the work hypothesis, that
size of disintegrative force is influenced by cutting
edge angle, Shear strength of processed material,
dimensions of input fraction and also dimensions of
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disintegrative machine. The goal of experiment is
verify this work hypothesis.

650,0 31

£ B

T 6000 A 29 =

=< ' o
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3500 1 417
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Fig. 7 Torque and input Power in relation to shredding
disk radius

Influence of cutting edge angle y in relation to size of
torque moment, which is necessary for material
processing, was measured. Following the results of
measurement, the basic form of mathematical model
describing the disintegrative process has been modified
to mathematical formula:
M,=7-R-S_,-(1-tany) @)
FD]_:T'Sm' (1—tan y) (8)
where: My — torque moment (Nm), 7 - shear strength of
material (MPa), R — disintegrative disk radius (mm), S,
— disintegrative surface area (mm2), y - face angle (°),
Fp1 — disintegrative force for single wedge (N).

T 8500 39
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& 8000 / 37
£ 7500 35

: / s
£ 7000 33 &
g / >
3 >
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5

e
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/ H
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Fig. 8 Torque and input Power in relation to shredding
face angle
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Fig. 9 Torque and input Power in relation to the
shredding wedge width

6. CONCLUSION
The presented paper is the sum of the results obtained

by experiments conducted by realized experiments on
the measurement stand of disintegrative machine.

8

7. REFERENCES

[1] Drvige. Nazvoslovie., SUTN,
Bratislava 1975, s. 45

[2] Beniak, J. Efektivnost dezintegrdcie viacrotorovych
drviacich  zatriadeni, = Recyklace  odpadq,
27.10.2000, VSB-TU Ostrava, s. 191, ISBN 80-
7078-822-4

[3] Letko, M. Analyza konstrukénych koncepcii
dezintegracnych strojov, Pisomna praca na
dizertacnt skusku, Katedra vyrobnej techniky, SjF
STU Bratislava, 2004

[4] Lesko, M. Optimalizacia drviacich schém s
vyuzitim simuldcie, Zb. “Automatizacia v riadeni
907, Vysoké Tatry, 1990, s. 64-68

[5] Lisican, J. Tebria a technika spracovania dreva.
Matcentrum, Zvolen 1996

[6] Beniak, J. Optimalizacia tvaru a rozmerov rezného
nastroja dezintegracného zariadenia s ohladom na
velkost' reznej sily, Pisomna praca na dizertaénu
skusku, Katedra vyrobnej techniky, SjF STU
Bratislava, 2001

[7] Ditner, O. Drceni a mleti nerostnych surovin,
SNTL, Praha 1984, s. 241

[8] Emanuel, K. a kol. Drevarskd prirucka, 2. ast,
SNTL Praha, 1989

[9]1 Kolektiv autorov. Drevariska technicka prirucka,
SNTL, Praha 1970

[10] Kovag, A. - RUDOLF, B. Tvarniace stroje, SNTL,
Alfa, Bratislava 1989

[11] Janota, B. Modulovd stavba drviaceho stroja.
Diplomova préaca SjF STU, Bratislava 1998

[12] Beniak, J. Problematicka vypoctu reznej sily pri
dezintegrécii materialov, Medzinarodna
konferencia TOP 2001, 27.-28. jun 2001, Casta-
Papiernicka, s. 427-433, ISBN 80-227-1530-1

[13] Taguchi. [online]. [citované dia 15. maja 2007].
Dostupné zZ. <http://www.uni-
kassel.de/fb15/Ibk/Downloads/DOE/Taguchi/>

[14] Six Sigma. Taguchiho Orthogonal Arrays,
[online] [citované diia 15. méja 2007]. Dostupné z:
<http://www.micquality.com/reference_tables/tagu
chi.htm#L27>

[15] Beniak, J.: Optimalizacia konstrukcie
dezintegracného stroja. Dizertana praca, Katedra
vyrobnej techniky, SjF STU Bratislava, 2007

STN 72 9101,

Author: Ing. Juraj Beniak, PhD, Slovak University
of Technology in Bratislava, Faculty of Mechanical
Engineering, Institute Institute of Manufacturing
Systems, Environmental Technology and Quality
Management, Nam. Slobody 17812 31 Bratislava,
Phone.: +421 2 572 96 537.

E-mail: juraj.beniak@stuba.sk


http://www.uni-kassel.de/fb15/lbk/Downloads/DOE/Taguchi/
http://www.uni-kassel.de/fb15/lbk/Downloads/DOE/Taguchi/
http://www.micquality.com/reference_tables/taguchi.htm#L27
http://www.micquality.com/reference_tables/taguchi.htm#L27
http://www.micquality.com/reference_tables/taguchi.htm#L27

FEODUCTION
LOGIES

11" INTERNATIONAL SCIENTIFIC CONFERENCE
NOVI SAD, SERBIA, SEPTEMBER 20-21, 2012

Bilic, B., Trlin, G., Vojkovic, V.

APPLICATION OF SIMULATED ANNEALING METHOD IN THE CUTTING
PARAMETERS OPTIMIZATION REGARDING SURFACE ROUGHNESS

Abstract: As a basic machining process, turning is one of the most widely used metal removal processes in industry.
In modern industry the goal is to manufacture low cost, high quality products in short time. Surface roughness is an
important measure of the technological quality of a product and a factor that greatly influences manufacturing cost.
This paper deals with the influence analysis of cutting parameters (cutting speed, depth and feed) on the surface
roughness for the case of longitudinal turning. Mathematical modeling of surface roughness was carried out by
second order central composite experimental design and regression analysis. The cutting parameters in the
regression equation are optimized using simulated annealing optimization method.

Key words: longitudinal turning, surface roughness, cutting parameters, simulated annealing

1. INTRODUCTION

In modern industry the goal is to manufacture low
cost, high quality products in short time. Automated
and flexible manufacturing systems are employed for
that purpose along with computerized numerical
control (CNC) machines that are capable of achieving
high accuracy and very low processing time. Turning is
one of the fundamental and most common metal
removal operations. It is widely used in a variety of
manufacturing industries where quality is an important
factor.

In a turning operation, it is important task to select
cutting parameters for achieving high cutting
performance. Usually, the desired cutting parameters
are determined based on experience (“trial and error”
approaches) or by use of a handbook. Obviously, the
“trial and error” method is not effective and efficient
and the achievement of a desirable value is a repetitive
and empirical process that can be very time consuming.
The dynamic nature and widespread usage of turning
operations in practice have raised a need for seeking a
systematic approach that can help to set-up turning
operations in a timely manner and also to help achieve
the desired surface roughness quality, [1].

Cutting parameters are reflected on surface roughness,
surface texture and dimensional deviations of the
product. Surface roughness is an important measure of
the technological quality of a product and a factor that
greatly influences manufacturing cost, [2]. The quality
of the machined surface plays a very important role
since higher surface quality significantly improves
fatigue strength, corrosion resistance, creep life,
reduction of friction, wearing resistance, light
reflection, heat transmission, ability of distributing and
holding a lubricant, coating, or resisting fatigue.
Therefore it is necessary to develop the techniques to
predict surface roughness before machining, in order to
select machining parameters that will keep required
surface roughness and preserve product quality. The
mechanism behind the formation of surface roughness
is very dynamic, complicated, and process dependent;

it is very difficult to calculate its value through
theoretical analysis. To select the cutting parameters
properly, several mathematical models are developed to
establish the relationship between the cutting
performance and cutting parameters. Most of them are
based on statistical regression or neural network
techniques. Then, an objective function with constraints
is formulated to solve the optimal cutting parameters
using optimization techniques. Therefore, considerable
knowledge and experience are required for this
approach, [3].

There are several surface roughness parameters used in
the industry, such as: average roughness (R,), root-
mean-square roughness (R;), and maximum peak-to-
valley roughness (R, or Ry,x), etc. The most commonly
used parameter is R,. The average roughness (R,) is the
area between the roughness profile and its mean line, or
the integral of the absolute value of the roughness
profile height over the evaluation length. Parameter R,
is specified by the following equation:

11
Ro=1] | Y (1)
0

where R, is the arithmetic average deviation from the
mean line, / is the sampling length and y is the ordinate
of the profile curve.

This paper focuses on optimizing turning parameters
based on the design of experiments and simulated
annealing method to minimize surface roughness.

2. EXPERIMENTAL DESIGN AND STATISTICAL
ANALYSIS

Turning is a widely used machining process in which a
single-point cutting tool removes material from the
surface of a rotating cylindrical workpiece. A common
method of evaluating machining performance in a
turning operation is based on the surface roughness.
Surface roughness is correlated with insert radius and
cutting parameters (cutting speed, depth of cut, and
feed rate). This paper deals with the influence analysis
of cutting parameters on the surface roughness for the
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case of longitudinal turning. Proper selection of the
cutting parameters can obtain better surface roughness.
The cutting experiments were carried out on CNC lathe
machine. Workpiece material which was used in the
experiments is alloy steel 34CrNiMo6 (DIN). Diameter
of steel bar was 50 mm. This material is heat treatable
steel for high strained automotive and motor
construction components. Chemical composition and
mechanical properties of 34CrNiMo6 steel are shown
in Tables 1 and 2, respectively.

C Cr Ni Mo Mn Si
0.34 1.5 1.55 0.25 0.5 0.25

Table 1. Chemical composition of 34CrNiMo6 steel
(values in %)

Tensile Yield Fracture
Hardness .
(HB) strengt? strengt? elongation
(N/mm°) (N/mm”) (%)
248 1100 800 min. 11

Table 2. Mechanical properties of 34CrNiMo6 steel

The experiments are carried out by the tool for external

machining, which consists of:

e toolholder mark PTGNR 2020K 16

e insert mark TNMG 16 04 08 - PF 4015 (insert radius
of 0.8 mm; coated carbide - ISO grade P20).

Experiments have been conducted using full factorial

central composited design 2°, [4]. Values of cutting

parameters used in the experiments are shown in the

Table 3.

) Coded values of cutting parameters
Cutting
X.ia X_i min X.io Xi max Xtig
parameters : -
-1.682 -1 0 +1 +1.682
Y17 Ve 10.4010(0.8210 | 1.4367 | 2.0525 | 2.4724
(m/s)
G 04 | 06 | 09 1.2 1.4
(mm)
=/ 1 o12 | 016 | 022 | 028 | 032
(o) | . ) . .

Table 3. Physic values and coded levels of cutting
parameters used in the experiments, [5]

Measured values of average roughness (R,) obtained by
experiments are presented in the Table 4.

Analysis of variance (ANOVA) was carried out to
identify the significant factors affecting surface
roughness. ANOVA has shown that the feed rate and
interaction between feed rate and depth of cut are the
most significant cutting parameters for affecting the
surface roughness. Surface roughness is not strongly
correlated with cutting speed.

By using regression analysis (i.e. second order response
surface), the dependence of an average roughness and
examined factors can be expressed as

R, =4.66053 —3.20204v, +10.25733 f +11.01266a, f + (2)
0.70539v} —1.5154a —19.41288 1>

since the coefficient determination

R*=0.9926.

of multiple
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. Cutting parameter level Measured
Experiment surface
number Ve a, f roughness
(m/s) | (mm) | (mm/r) | R, (um)
1 0.8210 | 0.6 0.16 4.10
2 2.0525| 0.6 0.16 2.70
3 0.8210 | 1.2 0.16 3.55
4 2.0525| 1.2 0.16 2.10
5 0.8210 | 0.6 0.28 5.10
6 2.0525| 0.6 0.28 3.77
7 0.8210 | 1.2 0.28 5.30
8 2.0525| 1.2 0.28 3.92
9 14367 | 0.9 0.22 3.78
10 14367 | 0.9 0.22 3.80
11 1.4367 | 0.9 0.22 3.81
12 1.4367| 0.9 0.22 3.79
13 1.4367 | 0.9 0.22 3.78
14 14367 | 0.9 0.22 3.79
15 0.4010 | 0.9 0.22 5.87
16 24724 | 0.9 0.22 3.30
17 14367 | 0.4 0.22 3.55
18 14367 | 1.4 0.22 3.30
19 1.4367 | 0.9 0.12 2.49
20 1.4367| 0.9 0.32 4.78

Table 4. Experimental results for surface roughness, [5]
3. SIMULATED ANNEALING

Simulated annealing represents a class of solution
methods for combinatorial optimization problems
whose common basis is found on the analogies which
can be drawn between those problems and the physical
process of annealing. It was introduced in 1982 by
Kirkpatrick et al., [6]. Combinatorial minimization is
the optimization of functions that may assume several
distinct discrete configurations. These problems are
characterized by the usefulness in achieving near-
optimum solutions in adequate processing time, e.g. it
may not be necessary to fully determine the global
optimum, since the small incremental gain in the
objective function would only be achieved at a great
expanse in central processing unit (CPU) time.
Annealing is the physical thermal process of melting a
solid by heating it, followed by slow cooling and
crystallization into a minimum free energy state,
namely a stable state. If the cooling rate is not carefully
controlled or the initial temperature is not sufficiently
high, the cooling solid does not attain thermal
equilibrium at each temperature. In such circumstances,
local optimal lattice structures may occur which
translate into lattice imperfections, namely metastable
state. Thermal equilibrium at a given temperature is
characterized by a Boltzmann distribution function of
energy states. Under these conditions, even at a low
temperature, a transition may occur from a low to a
high energy level, albeit with small probability. Such
transitions are assumed to be responsible for the system
reaching a minimum energy state instead of being
trapped in a local metastable state.

The Metropolis algorithm was the first proposed to



simulate this process. Starting from a high energy state
E;, corresponding to a particular system temperature T},
a series of new energy states E; are stochastically
generated. Each new system configuration is accepted
if £, < E;. Otherwise, and by analogy with the
Boltzmann distribution for energy states at thermal
equilibrium, E; will be accepted as an improved state
with a probability given by P(AE) = exp [(E,— E;)/kgT}],
where T7; is the current system temperature and kg is
Boltzmann’s constant. At high temperature this
probability is close to 1. At each temperature it is
assumed that thermal equilibrium is reached. As the
system temperature decreases, the probability of
accepting a higher energy state as being an improved
energy states approaches 0, [7].

4. DETERMINATION OF OPTIMAL CUTTING
PARAMETERS

Since SA algorithm has been available and used for

almost 30 years, nowdays it is included in many
computational software packages. Various SA
algorithm variations are included in today's leading
engineering and mathematical tools, [8,9,10].
This paper uses Matlab/Simulink’s SA solver for
minimizing the function (2). Simulink’s SA solver
provides rich set of options enabling fine tuning of SA
minimization process.

If we introduce the following labels: ¥ = f?a, then the
equation (2) can be written in this form:
Y =4.66053 —3.20204x, +10.25733x5 +11.01266x,x; + 3)
0.70539x7 —1.5154x3 —19.41288x7
with constraints:
0.4010<x, <2.4724; 04<x, <1.4; 0.12<x; £0.32.

Matlab program used to run simulated annealing
metaheuristics:

Results:

The following SA characteristics had been measured:
e Number of iterations

e Execution time in seconds

o Function parameters (x;,X,,X3)

e Function minimum value

The obtained results are shown in Table 5.

Measurement Mean | Standard Confidence
value | deviation | interval (95%)
Tteration count | 2791.5 | 969.3017 852.9 —4730.1
Execut(‘s‘;n umey oa61 | 03701 | 0.3058 - 1.7864
X 22736 | 0.0391 [2.1954-2.3517
X 1.3999 | 1.3036%10" -
X 0.1200 [2.8961%107 -
Function =1 eses | 0.0020 | 0.8536 - 0.8652
minimum

ObjectiveFunction = @fun
X0 = [0.5 0.5 0.5]; % Starting point

1b
ub

[0.4010 0.4 0.12];
[2.4724 1.4 0.32];

[x,fval,exitFlag,output] =
simulannealbnd (ObjectiveFunction, X0, 1b,
ub)

Function  simualannealbnd(),  representing  SA
algorithm in Matlab, accepts four parameters:
ObjectiveFunction — function to be minimized (target
function)

X0 — initial state, n component vector

Ib — lower bounds, n component vector

ub —upper bounds, n component vector.

Return values of simualannealbnd function are:

x — state s at function's minimum, » component vector

fval -minimum value

exitFlag — reson for SA algorithm stopping

output — additional information about SA algorithm
performance, i.e. execution time.

Matlab test program has been written to run SA for N =
100 times and gather the information on the SA
algorithm performance.

Table 5. Results obtained by simulated annealing

Results of the experiment are depicted in Figures 1-5.
Red straight lines in these figures indicate CI 95%
interval, given by m + 2*s, where m is mean value and

s is standard deviation of a particular measure.
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5. CONCLUSION

This paper has presented an application of the
experimental design, regression analysis and simulated
annealing method in the optimization of turning
operations. The following conclusions can be drawn:

e Full factorial central composited experimental
design and regression analysis are suitable to
analyze the surface roughness (metal -cutting)
problem as described in this paper.

e Minimum of objective function (minimal value of
the average arithmetic roughness) R, = 0.8583 has
been obtained in the case of the following cutting
parameters: v, = 2.2736 m/s, a, = 1.4 mm, = 0.12
mm/r.
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e The experimental results demonstrate that the feed
rate is the main cutting parameter among the three
controllable factors that influence the surface
roughness in longitudinal turning 34CrNiMo6 steel.
Interaction between feed rate and depth of cut has
also significant influence on the surface roughness.
The increase of the cutting speed in a certain interval
effects the improvement of the surface roughness but
soon after, due to the layer on the cutting edge and
vibrations, it deteriorates.

o Simulated annealing algorithm applied in this paper
successfully minimized the objective function, with
respect to the provided parameter boundaries.
Execution time was 2.15 s per execution which can
be considered as acceptable.
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MODELING OF DISCHARGE ENERGY IN EDM PROCESS BY THE USE OF
GENETIC ALGORITHMS

Abstract: Electro Discharge Machining (EDM) is a complex process which uses electrical energy to erode and form
workpiece. Using wrong set of parameters can lead to inefficient exploitation of the process and sometimes can even
do more harm than good. Modeling dependence between the process parameters and output results is something
that can save considerable amounts of funds. Discharge energy which is directly transformed into thermal energy, is
used as a machining process and because of that it presents a primary point of interest in modeling procedure. In
this paper, link between discharge energy and output results of machining process is found using genetic algorithms
as a type of artificial intelligence. It also presents a comparison between two types of modeling approach with

specific conclusion about more accurate one.

Key words: EDM, discharge energy, machining parameters, genetic algorithms

1. INTRODUCTION

Everybody who worked with EDM knows that the
only requirement for machining to take place is that
both the tool and the workpiece have to be electro
conductive. By meeting this requirement, arcing
between the tool and the workpiece can take place. This
will result in ionization of small volume of dielectric
around arcing zone, reaching a temperature up to
40.000 °C, consequentially heating workpiece surface
to 10.000 °C. Small area on workpiece surface, under
the influence of this high temperature, is melted and
when electric arc is cut off a strong pressure wave is
generated. Melted material is then washed off from
workpiece surface and flushed away with dielectric
fluid. Described process is repeated until desirable
results are met.

Machining ability of workpiece depends on its thermal
properties and not its hardness like in conventional
machining processes. Because of this EDM is preferable
choice in processes like machining hard materials, mould
making, precision machining or individual production. As
can be noted from above mentioned, EDM is rarely used
in mass production. Machining each part with different
demands is very challenging and in order to keep
minimum cost it requires a profound knowledge of
process parameters and their influence on final result. This
would mean that one should spend large amount of funds
and time on becoming familiar with process of EDM to
exploit it properly. In order to make EDM more
accessible, various forms of simulations are created. Many
of these simulations are based on artificial intelligence,
which is gaining ever more popularity among scientific
and technical circles. Following trends, this article
presents modeling of EDM process and finding
relationships between process parameters and process
outputs based on experimentally obtained results. Genetic
algorithm, a type of artificial intelligence, is used as a tool
for finding those relationships.

Parameters used to describe quality of EDM process
are: productivity, which is expressed through material

removal rate, accuracy represented by dimension
tolerances and type of shape of workpiece, and finally
surface integrity expressed through machined surface
roughness. In this article all three of these parameters
will be modeled, but what is new is comparison
between direct modeling of parameters and through
discharge energy. By using this approach a conclusion
will be drawn from this analysis and more accurate
method determined.

2. EDM PROCESS

In EDM discharge energy is directly transformed into
thermal energy and it becomes an instrument for
machining. Discharge energy E, is calculated as the mean
value of electrical energy per one impulse which is
transformed into heat, and can be expressed by the
following equation:

E,={u,()i,(0)-dt=U, I,-t, ()
0

where U, is discharge voltage, I, is discharge current and
t, is discharge duration.

In proper machining conditions, electrical discharge
occurs instanteniously and is independent from other
electric values [1]. With this fact in mind ignition delay
time can be neglected, 7,20, meaning that the discharge
duration is equal to pulse duration, #=f. By this
simplification the final expression for discharge energy
has more practical form:

E,=U,-1,-t, )

As can be seen from Eq. (2), the discharge energy is
influenced by the discharge voltage, discharge current,
and pulse duration. Their influences are interconnected
and depend on the rest of the machining parameters [1].
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The discharge voltage depends only on materials of
workpiece and electrode. For every combination of
workpiece and electrode there is a specific value of
discharge voltage. This value can range from 15 to 30
V [2,3] and cannot be influenced under the given
machining conditions.

Parameter which directly impacts the discharge
energy is discharge current. But this impact is limited
by the current density at the electrode. Stability of
impulse discharge will be threatened in case when the
current density oversteps the limit for the given
machining conditions (approximately 1025 A/cm?)
[4,5]. By exceeding this treshold, the continuous
current flow will be established, and arcing or short
circuiting will take place. This event will lengthen the
time of deionization of the discharge channel, and
consequentially reduce the efficiency of EDM.

Direct control of discharge energy can be achieved by
varying the pulse duration. However, arbitrarily regulation
of process parameters is limited. Experience has taught us
that pulse duration must be limited for a particular
discharge current. Otherwise, an electric arcing occurs
which damages both tool and workpiece [1].

3. EXPERIMENT

Experimental investigation was conducted on EDM
machine tool "FUMEC — CNC 21" of South Korea. The
work material used in the experiment was manganese-
vanadium tool steel, ASTM A681 (0,9% C, 2% Mn, and
0,2% V), hardness 62 HRc. The tool was made of
electrolytic copper with 99,9% purity, 2010 mm cross-
section. The dielectric was petroleum and natural flushing
was used.

The range of the discharge current was /=150 A
(current density 0,5+25 A/cm’), while the pulse duration
was chosen from the interval £=1+100 us to accomodate
the chosen current. The rest of the parameters of electric
impulse were held constant, according to manufacturer's
recommendations.

During the experiment input parameters were varied
and the resulting machining parameters of EDM process
were monitored and recorded. Measured parameters were
material removal rate V,, gap distance @, and surface
roughness R,,.

Material removal rate (ratio of removed material
volume and the effective machining time) was
measured indirectly, by monitoring the machining time
for the set eroding depth. The depth and time of
eroding were monitored using the machine tool CNC
control unit. The machining accuracy of EDM was
monitored through the change of side gap distance. Gap
distance was calculated as the half of difference
between the tool and workpiece contour dimensions.
Measurements were conducted using electronic
callipers. Surface integrity was assesed by measuring
surface roughness and research of the surface layer
properties. "PERTHOMETER S5P” of Mahr, Germany
was used to measure the arithmetic average deviation
of the assessed profile (ISO 4287) [1]. Experimental
data are shown in Table 1.
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4. GENETIC ALGORITHMS

Genetic algorithms (GA) have become an
indispensable tool for solving tasks related to
production processes [6]. They present a method of
artificial intelligence belonging to the group of
evolutionary based optimization algorithms. Their
principle is based on thesis “survival of the fittest”, in
other words best solutions have the most chances to
mate and pass theirs genetic material onto next
generation. Worst solutions are more likely to “die”
because they are not fit enough. Whole process of
evolution towards best solution can be summarized in
three steps. Observing a group of solutions, and
dividing them so that every solution is one individual,
process of selection is conducted respecting rules on
which the selection is based. At the end of this process
so called mating pool will be created and individuals
within it will be paired to perform crossover, the
second step of algorithm. Offspring will be produced
and some of them will pass through third step which is
called mutation. Some of theirs features will be
randomly changed and thus new genetic material will
be introduced. This step is important because it
prevents algorithm to get stuck in local optimum.

5. MODELING PROCEDURE

In this paper, as mentioned before, two equations
were used to model EDM process parameters. Both are
derived from machining energy resp. Eq. (2).

Model-1 for material removal rate, gap distance and
surface roughness is given by equations:

V,=C, I -t"

i
a=Cy- I3 -1 (3)
R, =C, -155 'tl.x"
where C;, x;, x5, C,, x3, x4 Cj, x5 and x4 are unknown
and to be found by GA.

Model-2 for same parameters, but in direct
relationship with discharge energy, is given by
equations:

X

I/w = C4 ’ Ee7

a=Cs-E}® 4)

Ra = C6 ) E ; ’

Coefficients Cy, x5, Cs, x5 Csand x, are also unknown.

All of these coefficients will be determined to
correspond to A, minimum sum of percent errors for
every parameter, expressed through formula:

A Zl: P(z'z)—(i)D(i)

x100% Q)

where P is experimentally obtained value and D is
modeled value for every parameter.
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Table 1. Experimental data used in modeling procedure

Opw Opw
model-1 | model-2

(%) (%)

ORa
model-2
(%)

29,9 379 |

24,3

Table 2. Values of average deviation of results for model-1 and model-2

For practical realization of model software Matlab
was used.

Number of individuals in every generation was 150
and tournament type of selection was used to fill
mating pool. Tournament size was in this case 24
individuals. Elite count was 12, which means that from
every generation 12 individuals with best fitness were
automatically moved to next generation. 110
individuals will be created by crossover of theirs
predecessors from mating pool and 28 will be created
by mutating randomly selected individuals from mating

pool. After 30.000 generations following results, for
model-1, were obtained:

_ 0,901 0,202
Vw(modcl—l) - 0786 ’ [e ‘L

1

0397 0,055
Amoder 1y = 0,054 1,77 -, (6)

1

0,461 0,062
Ra(modcl—l) =1,998- I, 1

l

Parameters of GA for model-2 were slightly
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different and in this case tournament size was 16, elite
number 8 and generation count was 20.000. Difference
is explained by simplification of modeled expression.
Results for model-2 are:

VW(modelfz) = 0’188'E£°532
A (model-2) = 0,026 - EeO,247 o
R (modet-2) = 0,905 - E**"

6. RESULTS
Dependence  between results obtained by
experiment, model-1 and model-2, for material

removal rate, gap distance and surface roughness, are
shown in Fig 1-3.
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Numerical values of average percent deviation (o)
for modeled results from experimentally obtained
results are shown in Table 2.
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7. CONCLUSION

It is clearly visible that model-1 in all three cases
predicted more accurate values for process parameters.
Time difference between forming models is measured
in seconds and is not worth of obtaining that much of a
difference in results accuracy. Simplification by
introduction of meodel-2, did not yield any satisfying
results. One of the most important advantages of this
type of models is that specific coefficients are obtained
and models can be used independently. For later
research more experiments are suggested. It is
speculated that this would enable to yield more
accurate results without drastically prolonging
computational time. Also more workpiece materials
could be investigated to crosscheck model validity.
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PREDICTION OF SURFACE ROUGHNESS USING NEURAL FUZZY SYSTEMS IN
ELECTRICAL DISCHARGE MACHINING

Abstract: Electrical Discharge Machining (EDM) is one of the important and cost-effective non-conventional
methods of machining complex geometry workpieces and difficult-to-machine materials. Surface roughness is the
main indicator of quality of a component for EDM. A new approach in modeling surface roughness which uses
artificial intelligence tools is described in this paper. The objective of this study is to design an adaptive neuro-
fuzzy inference system (ANFIS) for prediction of surface roughness in EDM. The input parameters of model are
discharge current, pulse duration and output parameter is surface roughness. The results indicate that the ANFIS
modeling technique can be effectively used for the prediction of surface roughness in machining of manganese-

vanadium tool steel.

Key words: EDM, Discharge current, Pulse duration, Surface roughness, ANFIS.

1. INTRODUCTION

In recent years materials with unique metallurgical
properties, such as tungsten carbide, titanium,
vanadium based alloys and other super-alloys, have
been developed to meet the demands of extreme
applications. The machining of difficult-to-cut
materials is an important issue in the field of
manufacturing. Different non-traditional machining
techniques are increasingly employed to manufacture
different high quality industrial components. Among
the non-traditional methods of machining processes,
electrical discharge machining (EDM) is used for
machining complex geometry workpieces and difficult-
to-machine materials, for which conventional methods
are not applicable. EDM is the process of machining
electrically conductive materials by using precisely
controlled sparks that occur between an electrode and a
workpiece in the presence of a dielectric fluid [1].
EDM is based on the erosion of electrically conductive
materials through the series of spatially discrete high
frequency electrical discharges (sparks) between the
tool and the workpiece [2].

The main and crucial advantage of this process is
that performance is independent from the mechanical
qualifications of machined materials and doesn't entail
a cutting force. Thus, very hard, brittle materials can be
manufactured easily and in desired forms/shapes [3].

Artificial intelligent techniques have been
successfully applied to machining processes through
recent years. A broad literature survey has been
conducted on the application of artificial intelligence
systems to predict surface roughness. Kovac et al [4]
used fuzzy logic to predict the surface roughness and
compare with regression analysis in face milling
process. Caydas at al used [5] adaptive neuro-fuzzy
inference system (ANFIS) model has been developed
for the prediction of the white layer thickness (WLT)
and the average surface roughness achieved as a
function of the process parameters. Rao et al [6] have
been made to develop the mathematical model for

predicting die-sinking electrical discharge machining of
aluminum alloy characteristics such as the metal
removal rate (MRR), the tool wear rate (TWR), the
surface roughness (R,) and the hardness(HRc) using
fuzzy mathematical method.

In the present work, an attempt has been made to
develop the intelligent model for predicting surface
roughness using ANFIS mathematical method. The
process parameters taken in to consideration were the
discharge current (/,) and pulse duration (z;). The model
predicted values and measured values were fairly close
to each other. Model validation is the process by which
the input vectors from input/output data sets on which
the FIS was not trained, are presented to the trained
ANFIS model, to see how well the ANFIS model
predicts the corresponding data set output values. The
data which not used for training the model have been
successfully predicted. Their propinquity to each other
indicates the developed model can be effectively used
to predict the R, in EDM process.

2. ADAPTIVE NEURO-FUZZY INFERENCE
SYSTEM (ANFIS)

The acronym ANFIS derives its name from
adaptive neuro-fuzzy inference system. Fuzzy inference
system (FIS) is a rule based system consisting of three
components. These are:

o arule-base, containing fuzzy if-then rules,

e adata-base, defining the Membership Functions

(MF) and

e an inference system that combines the fuzzy

rules and produces the system results.

The main problem with fuzzy logic is that there is
no systematic procedure to define the membership
function parameters. ANFIS eliminates the basic
problem in fuzzy system design, defining the
membership function parameters and design of fuzzy
if-then rules, by effectively using the learning
capability of neural network for automatic fuzzy rule
generation and parameter optimization [7]. Using a
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given input/output data set, the toolbox function ANFIS
constructs a fuzzy inference system (FIS) whose
membership function parameters are tuned (adjusted)
using either a back propagation algorithm alone or in
combination with a least squares type of method. This
adjustment allows fuzzy systems to learn from the data
they are modeling.

A network type structure of ANFIS is similar to a
neural network. The entire system architecture
consists of five layer, namely, the fuzzy layer and
total output layer. Five network layers are used by
ANFIS to perform the following fuzzy inference
steps:

Input nodes — layer 1:

The general structure of ANFIS with two inputs x
and y and one output z is shown in Fig. 1. Example of
model with two rules as follows:

Rulel:If x A and yis B, then z, =px+q,y+r
Rule2:If x A, and yis B, then z,=p,x+q,y+r,
Where A;, A, and By and B, are fuzzy sets of input
premise variables x and y respectively.

Each node in this layer generates membership
grades of the crisp inputs and each node’s output. An

example of a node function is the generalized Gaussian
membership function:

(v-cp
Oi1 :luAi(x):e 2 (1)

Where x, ¢ and o is the parameter set.
Rule nodes - layer 2:

The outputs of this layer called firing strengths are
the products of the corresponding degrees obtained
from the layer 1.

0 =w = :uA[(x):uBi(y) i=1,2 2

Where ps and pg are the membership functions for A;
and B; linguistic labels, respectively. Where w; is
output weight of each neuron.

Average nodes - layer 3:

The i-th node calculates the ratio of the i-th rule's
firing strength to the total of all firing strengths. The
firing strength in this layer is normalized 3, as:

O} =W =—t =12 3)

Zi W

Consequent nodes - layer 4:

Every node in this layer is with a node function w;f;
where w; is the output of layer 3 and {p;, q;, r;} is the
parameter set. These parameters are referred to as
consequent parameters.

O =w.f,=w(px+qy+r) i=12 @)

Output nodes - layer 5:
This layer is called as the output nodes. The single
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node in this layer computes the overall output as the
summation of contributions from each rule.

ZI Wifi
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Fig. 1. Basic ANFIS architecture

The details and mathematical background for these
algorithms can be found in [8].

Fig. 2. shows the flowchart for predicting the
surface roughness via ANFIS. The process followed in
this study is illustrated in Fig. 2.

Load Training/Testing data
Generate initial FIS Model

!

o Set initial input parameters and membership function

¢ Chose FIS model optimization method (hybrid method)

o Define training and testing parameters (number of
training/ testing epochs)

N|
%

Input Training data into ANFIS system
No l

Training
finished

| Get results after training |

| Input Testing data into ANFIS system I

Testing
finished

View FIS structure,

¢ Output surface of FIS,

o Generated rules and

o Adjusted membership functions

Fig. 2. Flowchart of surface roughness prediction of
ANFIS system [9]




3. DESIGN OF EXPERIMENTS

Experimental investigation was conducted on an
EDM machine tool "FUMEC — CNC 21" in South
Korea. The work material used in the experiment was
manganese-vanadium tool steel, ASTM A681 (0,9% C,
2% Mn, and 0,2% V), hardness 62 HRc. The tool was
made of electrolytic copper with 99,9% purity and
20%10 mm cross-section. The dielectric was petroleum.
Due to small eroding surface and depth, natural
flushing was used.

The machining conditions included variable
discharge current and pulse duration. The range of the
discharge current was [=1+50 A (current density
0,525 A/cmz), while the pulse duration was chosen
from the interval #=1+100 ps to accommodate the
chosen current. The rest of the parameters of electric
impulse were held constant, according to the
manufacturer's recommendations (open gap voltage
U,=100 V, duty factor =0,8 and positive tool electrode
polarity).

The experiments were conducted according to the
specified experiment plan. Input parameters were
varied and the resulting machining parameters of EDM
process were monitored and recorded.

Measured parameter was surface roughness R,.
Surface integrity was assessed by measuring surface
roughness and research of the surface layer properties.
"PERTHOMETER S5P" of Mahr, Germany was used
to measure the arithmetic average deviation of the
assessed profile (ISO 4287) [10].

4. ANFIS RESULTS AND DISCUSSION

Using a given input/output data set, the ANFIS
method constructs a fuzzy inference system (FIS)
whose membership function parameters are tuned
(adjusted) using either a back propagation algorithm
alone, or in combination with a least squares type of
method.

For this model, main parameters for the
experiments are discharge current /., pulse duration ¢
(input data set) and surface roughness R, (output data
set).
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The training dataset and testing dataset are
obtained from experiments. The input/output dataset
was divided randomly into three categories: training
dataset, consisting 18 of the input/output dataset,
checking dataset, consisting 5 of the data and
validation (unknown to model) data set, which
consists 5 of data.

Training process is accomplished by using Mat
Lab 6.0. In order to determine the optimal network
architecture, various network architectures were
designed; different training algorithms were used.
The number and type of membership functions,
method optimization hybrid or back propagation, and
number epoch were changed. Then the best adaptive
network architecture was determined. The training
epoch for each network is 500, hybrid method
optimization, the best results given 3 membership
functions Gaussian type. When the network training
was successfully finished, the ANFIS was tested
with validation data.

tnputmf) (rule)

(input) {outputmf) {outpuf)

Discharge
current

{13

Surface
roughness

Rq

Pulse
duration

®

Fig. 3. ANFIS structure for prediction of surface
roughness

Fig. 4 describe the comparison of experimental and
ANFIS results for the surface roughness, respectively.
It proved that the method used in this paper is feasible
and could be used to predict the Ra in an acceptable
error rate for EDM. The compared lines seem to be
close to each other indicating with good agreement.

14 | Experimental data

----- ANFIS data

12 +

10

Surface Roughness

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Number of trials

Fig. 4. Correlation between experimental and ANFIS surface roughness value
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Table 1. Surface roughness in EDM
Surface

Discharge Pulsp roughness IZr;zr
current - duration TP & TTUNFIS value
1 e ti Raek&p, Raan/is E
(A) (ps) (um)  (um) (%)
Training data
1 1 1,8 1,58 12,22
1 5 2,1 2,26 7,61
5 1 3,9 4,07 435
5 7 5,1 5,06 0,78
9 2 8,2 8,21 0,12
9 7 9 8,98 0,22
9 10 9,8 9,44 3,67
13 2 9,2 9,47 2,93
13 5 9.4 9,92 5,53
13 10 10,3 10,66 3,49
20 5 10,2 10,08 1,17
20 10 10,8 10,82 0,18
20 20 11,2 12,02 7,32
30 7 10,8 10,38 3,88
30 50 12,5 12,95 3,6
50 10 11,8 10,82 8,3
50 50 13,2 12,95 1,89
50 100 13,4 12,97 32

Training data Average Error = 3,92

Checking data
1 2 1,9 1,75 7,89
5 2 4,2 4,23 0,71
9 5 8,8 8,678 1,38
20 7 10,4 10,38 0,19

30 20 11,8 12,02 1,86
Checking data Average Error = 2,41

Validation data (unknown data)

1 7 2,3 2,6 13,04
5 5 5,1 4,73 7,25
13 7 9,7 10,21 5,25
30 10 11,3 10,82 4,24
50 20 12,5 12,02 3,84

Test data Average Error = 6,72
5. CONCLUSION

In this paper an ANFIS is used to estimate surface
roughness in EDM. Table 1 shows the compared values
obtained by experiment and estimated by ANFIS
model. The average deviation of the training data is
3,92 %, average deviation of the checking data is
2,41%, while the average deviation data which
unknown to the model is 6,72%. Research showed that
ANFIS model gives accurate prediction on surface
roughness. The ANFIS predicted surface roughness
values show a good comparison with those obtained
experimentally. It is evidence that the fuzzy logic
technique can be help to better prediction of the
experimental data.
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ADDITIVE MANUFACTURING AND HIGH SPEED CUTTING INCLUDED IN
HYBRID MANUFACTURING

Abstract: The aim of this paper is to present the benefits if we use two manufacturing processes to make one
product. In our case we use subtractive and additive manufacturing technology. Subtractive process is the high
speed cutting and additive process is the selective laser melting. We want to combine these two technologies in
hybrid manufacturing. Hybrid manufacturing combine benefits of both processes and eliminate limitations. On the
end of this paper is presented developed computer software which analyse a geometric design of product and
determine which part of product will be done with specific technology.

Key words: Hybrid manufacturing, additive manufacturing, high speed cutting, conformal cooling

1. INTRODUCTION

Because with the CNC milling is impossible to do
certain geometric shapes, we decide that we combine
this process with additive process in hybrid
manufacturing. For additive process is chosen selective
laser melting. In last 10 years that process progressed in
process which can produce parts with similar
mechanical properties as have the parts made by
conventional processes. In the past some researches
combined this two technic of production parts, but their
main purpose were make near-net shape and then
milling on the end shape. [1] Other scientists divided
CAD model of products into two or more modules,
where some modules make with milling and another
with additive process, subsequently assembled in end
product. [2] In our case milling combines with metal
powder bed additive manufacturing or Selective Laser
Melting (SLM). SLM is the process where the layer of
metallic powder is melted and fused together layer by
layer with the high powered laser, direct from CAD
data, to create functional metal parts. Our goal is in
order to part of product which is possible produce with
conventional subtractive process will be manufacture
with this milling and another part of product with
complex geometry, which is difficult, impossible or
very costly to machine, it will be manufactured with
SLM. Therefore the product will be split, with straight
plane, before the processing into two parts. For this
purpose, we developed computer software for
automatic splitting CAD model that is described below.
The basic part, in most cases the biggest part, will be
manufactured with milling and then the operator or
robot will move the intermediate product from milling
machine in machine for SLM. Subsequently, operator
will fill building chamber with metal powder and then a
machine will start building the second part of product
from the upper surface, where the milling machine
finished the its part of product.

2. BENEFITS AND LIMITATIONS OF BOTH
TECHNOLGIES

There are two or more processes at hybrid
manufacturing. In our case it is about adding and
subtracting materials. Every process of production has
its advantages and disadvantages. The main goal of
hybrid manufacturing is combining both processes and
thus eliminating as much disadvantages as possible.
The cutting process enables us to produce very accurate
products with a high quality surface in a relatively short
amount of time. Problems occur with products which
have a complex geometrical structure. That is because
the geometrical shape of the tool itself prevents us from
producing a complexly structured product. The process
of adding steel powder (our particular case is selective
laser melting) is the exact opposite of the cutting
process. The selective laser melting enables us to create
any form because the product is created by adding
materials in layers. But this process is not suitable for
manufacturing big parts with relatively basic geometry,
because is too time-consuming and too expensive for
this kind geometry. On the other hand conventional
manufacturing achieve high production speed for
massive parts. The highest downside of all additive
manufacturing processes is bad roughness of surface
due building the products layer by layer and this
principle leave the stair on surface known as the stair-
stepping phenomenon. [3] This stair is eliminated with
finishing machining. Therefore our goal is to make
most of the product with cutting as it is a much faster
and cheaper process. The product of the cutting process
would than serve as the base on which we would begin
to add materials with the selective laser melting
process. This is in order to produce the part which we
could not be made by conventional cutting because of
the geometrical structure of conventional tools. The
subtractive processes have a lot of material
consumptions, but the additive processes have
minimized material consumption. Because of these
reasons, additive manufacturing is good options for
production some part of the product where it is
necessary to subtract a lot of material if a product is
machined from cylindrical or cuboid of raw material.
The cost of machining product increases with
increasing the amount of subtracted material and with
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geometric complexity of products. But the cost of
product, which is made with additive technology,
increases with increasing the amount added material,
while the complexity doesn’t affect the cost of product.
On the Fig. 1 you can see that the cost depending on
amount of subtracted/added material increase faster for
additive manufacturing than the machining. [4]

Increase cost of the producing part

Material subtracted by machining to produce features/part
0% 10% 20% 30% 409% 50 60%

1 (;O% 9:)% 80‘% 7(.)% 6(;% SO.% 4(‘)% 3.0% 2:)% 1 ;)% O.%
Material addet by additive manufacturing to produce feature/part

Fig. 1. The graph shows increasing the cost for

machined part and additive manufactured part depend

on amount of subtracted or added material.

Nowadays the materials, which are available for
additive manufacturing, have excellent mechanical
properties. Furthermore SLM process can build the part
in variable material composition. The biggest problem
with additive technology is that it isn’t very known by
toolmaker or other technologist and because this is very
rarely used in manufacturing. Many technologists are
very conservative, and with thus they are afraid to use
new technology for manufacture products.

3. TOOL INSERT WITH CONFORMAL
COOLING

Hybrid manufacturing is primarily intended for
manufacturing injection moulding tool inserts with
conformal cooling system. The conformal cooling
system is a term for cooling channel which conform to
the contours of the insert or cavity of injection
moulding tool or tool for die casting. Difference
between conventional cooling management and

conformal cooling management is presented on Fig. 2.

(5]

Fig. 2. Above: conventional cooling management;
below: conformal cooling management [5]
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With conformal cooling system is achieved a better
dimensional accuracy of the moulded part, better
mechanical properties of the part and reducing cycle
time of injection moulding up to 40% [6, 7]. Every
toolmaker wants to do the tool, with conformal cooling
channel. But for conformal cooling system is decided
by toolmaker only in special cases, due is not possible
to do this system with conventional processes and
additive manufacturing processes are too expensive for
making entire tool. With hybrid manufacturing, we
want to do moulds for injection moulding with
conformal cooling channel cheaper, that it will be
accessible for more toolmaker. On Fig. 3 we can see
the example of tool insert with conformal cooling
channels.

Fig. 3.
8]

4. ALGORITHM FOR THE AUTOMATIC
SECTION OF THE CAD MODEL

Tool insert with conformal cooling channels

We developed computer software which analyse a
geometric design of product and determine which part
of product will be done with CNC milling and which
part will be done with additive technology.
Subsequently it split the CAD model of product on two
or more part and save part for CNC milling in format
which is used for making CNC code and save part for
additive manufacturing in STL format. This means that
we developed algorithm for automatic determining the
most  suitable  manufacturing  sequences  and
technologies and also for converting this algorithm in
computer software. Algorithm is implemented in Solid-
Works CAD software by C# programing language.

Within the research project a hybrid manufacturing
whose purpose is the development of tool inserts for
the injection of polymers with adjusted cooling
channels is developed [9]. Such an insert is shown on
Fig. 4. The lower massive part of the insert will be



produced with the cutting process as the cooling
channels in this part are only straight. The upper part
however has its cooling channels adjusted to the
surface of the tool and therefore do not have a straight
shape. This is not possible to machine with
conventional milling, so this part shall be developed by
the technology of adding steel powder.

Fig. 4. Tool insert with conformal cooling channel

The goal is to achieve a high level of automation of
hybrid manufacturing. That is why we are also
developing an algorithm for the section of the CAD
model into two parts. We are aiming to insert the whole
CAD model into the control system of the hybrid cell,
after which the computer will recognize by itself to
which altitude can it produce the model by means of
cutting. Following this, the program would divide the
analysed part into two and it would save the upper part
in the STL format, which is the most wide spread
format for layer manufacturing technologies. Lower
part would be saved in the STEP or any other format

which enables the generation of the CNC code for the
milling machine.

4.1 How algorithm works

We have developed a new algorithm model for the
automatic section of the CAD model. Figure 6 presents
a flowchart of the aforementioned algorithm. It works
by first enveloping two points. The first one represents
the minimal coordinates of the presented model and the
second one represents the maximal coordinates. Further
analysis shall be carried out in a rectangular space
which is defined by these two points. Then we start to
intersect the model with parallel vectors. The starting
points of the vectors are beneath the basic plane. The
vectors are perpendicular to the basic plane, as shown
on Fig. 5.

Fig. 5. Presentation of analysed model with vectors

Get two points
(X Yoniny Zmin)

(Xmaxs Ymaxs Zmax)

Start OMOS

Get the location
——»{ (path) and name of
analysed CAD model

Insert vectors
Vector direction: (0,0,1)
Vectors base points:
(X = Xmin, ¥ = Yiminy Z = Zmin — 10 mm)

Height for splitting CAD >
model = c00rz = Zpax

A\ 4

| Insertplane on

coorz height

|

y=y+0,5mm

i x=x+0,5mm

Cut analysed CAD
model with plane

hTR Ul

Get number of
intersections =res

A

Save top part for additive
manufacturing in STL
format on the location of
analysed CAD model and
add the " - ADDITIVE

TRUE
v

Get ray |
intersections points

TRUE

TRUE
v

coorz = coordinate

M.STL" on the end of the
file name.

v

Save bottom part for
machining in STEP format
on the location of analysed
CAD model and add the "
- MACINING.STEP" on the
end of the file name.

End OMOS

of 1% exit

Fig. 6. Flowchart of algorithm for CAD model analysis
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The key data for the analysis are the intersections of
the vectors and the model (entrances and exits of
vectors which are going in out of the model). Only
vectors that have more than 3 intersections with the
model shall be used. That is because the model also has
an inner form at such spots. A minimal value of the Z
coordinate of the first vectors exit with more than 3
intersections is a height to which the model can be
made. On the basis, that a vector cannot reach the
highest point of the model without intersecting, we can
conclude that the cutting tool cannot reach the highest
point without collision. That is why we can use the
cutting process only to the aforementioned height.

4.2 Algorithm implemented in computer software

The algorithm has been implemented into the Solid-
Works modeler through the API interface which
enables us to automatize function of the programs,
those which already exist. Also, new functions with
mathematical support and support other operations can
be generated. API allows us to write programs in
different programming languages. Our algorithm has
been implemented with using C#. The main added
value is introduction of the vectors and how to search
for the intersections with the model.

Developed algorithm defines the height to which it
is possible to produce with conventional tools. After
which the program on the defined height inserts a
reference plane which parallels the main lower plane of
the developing tool. At last it divides the CAD model
into two pieces. The program saves the lower part in
the STEP format in the folder which contains the
former CAD model. The STEP format is meant for
generating CNC code for milling. The upper part is
saved in the STL format, for it is the most wide spread
entry datum among technologies for adding materials.

5. FURTHER WORK AND CONCLUSION

The aforementioned algorithm needs to be further
developed, for it enables a correct analysis only for
models which have the beginnings of the cooling
channels at the lower basic plane of the insert. In
contrast, many of tools’ inserts for injection-moulding
of polymers have the cooling channel’s beginnings at
the side of the insert. Therefore it is appropriate that we
apply the aforementioned analysis to more than just the
lower side, as it is conducted now. We would then
combine the results of different directions and acquire
the correct height of the division of the CAD model.

The hybrid production shall enable to produce one
work-piece with two different processes. As such we
will enable manufacturing of products in any form with
minimal production expenses. It is quite visible, that
technologists avoid accepting new technologies if they
are not easy to use and/or if they produce more
expenses. We expect that they will be more warmly
open the aforementioned technology when most of
operations will be automated. In conclusion, in such a
way we would be more effective in introducing layer
manufacturing technologies into the tool shops, as
selective laser melting of metal powders.
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EFFECT OF PROCESS PARAMETERS ON CUTTING ABILITY IN ABRASIVE
WATER JET MACHINING

Abstract: The process of the abrasive water jet cutting of materials, supported by the theories of fluid mechanics,
abrasive wear and damage mechanics, is a high-tech technologies that provides unique capabilities compared to
conventional machining processes. It is defined by numerous influencing factors, which determine depth of cut,
volume of separate material, as cut quality. Substantial efforts has bin made in understanding effects of individual
influencing factors, lake: diameters of water and abrasive orifice (nozzle), water pressure, abrasive flow rate,
workpiece thickness, distance of cutting head from material surface, feed rate, etc.

The paper presents results of research on the effect of the most influencing parameters on the linear cutting speed to

just barely cut through material as geometry of the cut.

Key words: abrasive water jet cutting, material processing, separation cutting speed, kerf geometry

1. INTRODUCTION

Abrasive water jet (AWJ) cutting is a non-
conventional machining process that uses high velocity
water with abrasives for cutting a variety of materials.
It is most suitable process for very thick, highly
reflective or highly thermal-conductive materials, as
well as hard materials. Abrasive water jets can cut a
wide range of thickness. Typical thickness are 100 mm
for stainless steel, 120 mm for aluminium, 140 mm for
stone, 100 mm for glass, but not limited [1]. AWJ]
makes it possible to cut random contours, very fine tabs
and filigree structures. Abrasive water jet cutting is
capable of produce parts which do not require further
processing with tolerances of + 0.1 mm. Toxic fumes,
recast layers, slag and thermal stress are totally
eliminated.

Abrasive water jet cutting belongs among complicated
dynamical and stochastic processes with incomplete
information about mechanism and side effects
character. In AWJ cutting, the final cut quality and the
dimensional accuracy depends on the process
parameters selection [2], [3].

Process optimization, as a background of its successful
application, is providet by correct choice of influencing
factors. First step toward to this goal is identification
and understanding of process influencing factors.

In this paper, an experimental investigation of the
process parameters effect on cutting ability of EN AW-
6060 aluminium alloy and EN X2CrNI19-11 stainless
steel sheets machined by abrasive water jets is
presented. Special attention has been paid to the
determination of cutting speed limits, as well as the size
and geometry of the cut.

2. PARAMETERS OF AWJ CUTTING PROCESS

Accuracy and quality of the cutting process depend
on a wide range of parameters and technological effects
of these parameters. These parameters can be classified
according to the Fig. 1.

Parameters Process Workpiece material
of machine parameters charackteristics
Water pressure Feed rate Kind of material

Water nozzle Abrasive flow rate Hardness
Abrasive nozzle Standoff distance Young's modulus
Abrasive material Contour configur. Thickness

Abrasive water jet cutting

Process
result

Fig. 1. Parameters of abrasive water jet cutting process

High-pressure pump is the most important element,
i.e. "heart" of the machine for abrasive water jet cutting
(Fig. 2). It creates the required operating pressure and
supplies the machine on the adequate amount of water
flow rate [4].

Fig. 2. High pressure pump for AWJ cutting

In industrial processes are used high-pressure piston
pumps power from 18 to 75 kW, providing flow rate of
2 t0 7.6 I / min. Maximum water pressure is used is up
to p=413 MPa.
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Reputable manufacturers of machinery for abrasive
water jet cutting develop their own high pressure
pumps (Flow Corporation, Omax, Bystronic), while
most manufacturers decided to use specialized
equipment manufacturers such as Ingersoll-Rand, KMT
Waterjet, RESATO, Jet Edge and other.

In the process of abrasive water jet cutting a high
pressure supply line directs the pressurized water from
the pump to the cutting head (Fig. 3).

High pressure
water

LTS — Abrasives
Mixing”
chamber

Abrasive
water jet

Fig. 3. Abrasive water jet cutting head

When the pressurized water comes out from the
orifice, a water jet is created. The result is a very thin,
extremely high velocity (approx. 900 m/s) water jet.
Then, solid abrasive particles are added and mixed with
the water jet. Resulting abrasive water jet is focused to
the material through abrasive nozzle.

It is recommended that, as part of the cutting head, use
of abrasive nozzle with an openings diameter 3 to 4
times larger than the openings diameter of the water
nozzle. Thus, the commonly used "combination"
diameter the openings of water and abrasive water
nozzle (do/da) are the following: 0.25/0.76; 0.30/0.89;
0.30/1.02; 0.33/1.02 and 0.36/1.14 mm.

Abrasive in the form of fine particles is a component of
the abrasive water jet. Abrasive particles are made of
various materials, sizes and shapes, depending on the
application. The most widely used abrasive in abrasive
water jet process is the mineral garnet. It is tough, hard
and inexpensive mineral of pink color. Depending on
the application, is produced in a variety of sizes. Finer
grain with average grain diameter of 150 pm is used to
cut fine-quality, medium sized with average grain
diameter of 180 pm is the most widely used, while
coarse grain with average grain diameter of 210 pum is
used to rough cut quality but with a greater cutting
speed. The most famous manufacturers of garnet for
industrial use are companies from the United States
(Barton Mines), Australia (GMA Garnet), China
(Dragon Abrasives) and India (Stain Stones), and these
are the countries that export significant amounts of
garnet. Russia and Turkey also produces industrial
garnet in large quantities, but it does not export
significant quantities of this material. For use in
abrasive water jet cutting abrasives are mostly supplied
in packages of 25 kg. Price varies depending on the
manufacturer and size of the abrasive particles, ranging
from 70 to over $ 300 per ton.
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Feed rate (cutting speed) is the speed of the relative
movement of the cutting head relative to the workpiece.
The feed rate is an important parameter of this
technology because it affects the quality of the cut and
amount of removed material. Also, depends on the type
and thickness of material being cut, and the desired cut
quality.

The abrasive flow rate is the amount of abrasive
material per unit of time, which is added to water jet,
for mixing and forming abrasive water jet. In the newer
machines abrasive flow can be regulated during
operation, specified by the program. Higher flow rates
leads to higher productivity and better quality of the
cut, but with the increased processing costs. Depending
on the desired productivity and quality of cut, in
practice, abrasive flow rate takes values between
g =300 and g = 400 g/min.

3. EXPERIMENTAL WORK

3.1. Experimental set-up

A series of water jet cutting experiments were
conducted using a Byjet 4022 abrasive water jet cutting
machine (Bystronic AG, Switzerland). As workpiece
material, aluminium alloy AA-ASTM 6060 (Al MgSi)
and stainless steel AISI 304 (EN X2CrNil19-11) was
used. These materials are chosen as a worpiece material
because they are very attractive, possess resistance to
corrosion and can provide significant value for the end
user. Also, these materials are characterized by high
reflectivity and thermal conductivity. This makes them
relatively difficult to cut with lasers. Abrasive water jet
cutting, which does not create an observable heat
affected zone, is much more useful for cutting
aluminum and stainless steel for modern applications.

Although AWJ cutting involves a large number of
variables and virtually all these variables affect the
cutting results (kerf width, taper and surface
roughness), only few major and easy-to-adjust dynamic
variables were considered in the present study. Those
are: feed rate (the speed at which the cutting head
moves along workpiece during cutting operation),
material thickness and abrasive flow rate. The other
process parameters were kept constant using the
standard machine configuration (dy = 0.3 mm;
da =1.02 mm; p =400 MPa).

3.2. Separation speed
Firstly, through a series of experiments was
determined linear cutting speed at which still comes to
the realization of complete cut, i.e. to just barely cut
through material. In this way a boundary line that
separates the area in which the cut is complete, the ones
where we have only a partial cut (Fig. 4) is defined.
The survey was conducted on prepared specimens
with thickness of: s = 6, 8, 10, 12, 15 and 20 mm. Other
parameter values of the process were:
o workpiece material: stainless steel and aluminium alloy,
o water pressure: p = 400 MPa,
e water nozzle diameter: dy = 0,30 mm,
e abrasive nozzle diamter: da = 1,02 mm,
o abrasive flow rate q = 300 and 400 g/min and
o distance of the cutting head to workpiece z =2 mm.
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Fig. 4. Cut-through speed boundary line

Feed rate (v) is, for each cut, gradually increased,
until there was no cut in which the sample is not
completely cut through, as shown in Fig. 5.
gL [ ]
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Fig. 5. Incomplete cut (view from the bottom side)
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3.3. Kerf geometry

Geometry of cut is a characteristic of major interest
in abrasive water jet cutting process. Cutting using
AWJ can create tapered edges on the kerf, especially
when cutting at high feed rates.

The kerf geometry of a through cut generated by
abrasive water jets may be described as in Fig. 7. A top
and bottom kerf width was measured from the optical
microscope images with 40 times magnification,
equipped with a CMOS camera and USB connection to
a PC (Fig. 6). Camera sensor size is 1/2 inch, a
resolution of 1280x1024 dots and wide field of view of
5.4 mm.

Fig. 6. Optical microscope with CMOS camera

These measurements were taken for each cut away
from the ends of the slots to eliminate any effect of the
cutting process at the jet entry and exit. The standard
establishes a zone of significance for the measurements
of widths at the top and bottom edge by a distance, As,
related to material thickness as specified in the
standard.

W, Y,
y ) W [l 7 4 S
o
s i /
Wb A v
y ), n VA A A As

Fig. 7. Cut geometry by AWJ cutting

The top kerf is commonly wider than the bottom
due to the decrease in abrasive water jet power as a
unique feature of AWJ technology. As a result of this, a
taper is produced. The large kerf taper ratio worsens
the perpendicularity of the straightness of the cutting
cross-section, resulting in an inaccurate dimensional
quality.

4. RESULTS AND DISCUSSION

The value of the cutting speed at which there is a
complete separation of material through its whole
thickness is influenced by many factors, among which
the most important are: the type of material, its
thickness, abrasive flow rate and water pressure. With
consideration that, in practice, for cutting we always
use the maximum pressure that the machine can
achieve, the influence of water pressure, even though it
has a major impact on the ability of AWJ cutting has
not varied, but the maximum value of water pressure of
p=400 MPa was used.

Diagram showing the influence of the type of
material, thickness of the workpiece and the abrasive
flow rate on cut-through cutting speed (feed rate) is
presented in Fig. 8.

Aluminium
g=400 g/min
Aluminium
g=300 g/min
- - Steel
q=400 g/min
------ Steel
q=300 g/min

Feed rate (mm/min)
S
Q
o

4 6 8 10 12 14 16 18 20 22
Material thickness (mm)

Fig. 8. Effect of process parameters on separation speed

It may be noted that the type of material and its
thickness have great influence on the cutting speed
limit. For example, the maximum speed at which it is
possible to cut stainless steel with thickness of s=8 mm
is v=440 mm/min, while the workpiece made of
aluminum alloy, with the same thickness, can be cut at
a speed of v=1421 mm/min. The results show that, the
greater the amount of abrasive grains that participate in
the process of cutting material, separation effect is
larger, and therefore the depth of cut increases.

Kerf is characterized by a small rounded corner at the
top edge due to the plastic deformation of material
caused by jet bombardment. As the kerf is wider at the
top than at the bottom, a taper is produced. As shown in
Fig. 9, abrasive water jets will generally open a tapered
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slot with the top kerf W, being wider than the bottom
kerf W,,.

Fig. 9 and Fig. 10 show some typical and
representative trends and relationships between the kerf
geometry (top kerf width W, and bottom kerf width
W,) and the cutting parameters.
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Fig. 9. The effect of feed rate on the kerf geometry
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Fig. 10. The effect of abrasive flow rate on bottom kerf
width

The effect of feed rate on the top kerf width and bottom
kerf width is shown in Fig. 9. It can be seen from the
figure that the feed rate has a negative effect on both
the top and bottom kerf widths. The negative effect of
the feed rate on both the top and bottom kerf widths is
because a faster passing of abrasive water jet allows
fewer abrasives to strike on the jet target and hence
generates a narrower slot.

In contrast to brittle materials, ductile materials are
sensitive on number of abrasive particles that hits
material surface. By increase of abrasive flow rate the
larger number of abrasive particles share in machining
process, which has positive effect on kerf geometry.
The effect of abrasive flow rate is shown in Fig. 10. It
can be seen that higher abrasive flow rate produce
greater kerf widths, especially bottom kerf width.

5. CONCLUSION

The flexibility and cool cutting characteristics of the
AWJ make it an important tool for cutting applications
of new materials such as composites and sandwiched
materials that are difficult to machine with traditional
machining processes, and is also a cost-effective way
of cutting stainless steel and aluminum alloys.

Although there are no restrictions on the types of
workpiece material by the use of AWJ, however there
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is a limit to the thickness of the workpiece that can be
cost-effective machined, compared to other cutting
processes. Therefore, the knowledge of material cutting
speed limit and influence of process parameters is step
towards ensuring optimum cost of production and
meeting the demands of customers.

The primary interests in sheet steel processing are
the kerf shape (kerf width). The kerf profile changes
with feed rate. Cuts at low feed rate generate almost
straight cutting cross-section, whereas high feed rates
generate a convergent shape.

In this study, the cutting ability and kerf geometries
of the machined surfaces in terms of process
parameters in AWJ-machined aluminium alloy and
stainless steel were investigated experimentally.
Summarizing the main features of the results, the
following conclusions may be drawn:

e The value of process parameters at which the cut is
complete, depend primarily on the type of material and
thickness of the workpiece. During the processing of
steel, cutting speed is 3 times less a processing aluminum
of the same thickness.

e As the feed rate increases, the AWJ cuts narrower kerf.
This is because the feed rate of abrasive water jet allows
fewer abrasives to strike on the jet target and hence
generates a narrower slot.

o Higher abrasive flow rate produce greater kerf width,
especially bottom kerf width because the larger number
of abrasive particles share in machining process which
has positive effect on kerf geometry.

It should be noted that if the kerf width can be
predicted, they may be compensated for in the design
and process planning stages and by controlling the
nozzle in the machine.
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Abstract: Crises are not necessary in productions and in selling market. Reasons are mostly in wrong state policy.
Some solutions are brought by engineers with their deep knowledge in prediction technique. Paper presents some
ideas how to save energy by prediction and ways of sustainable manufacturing.
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1. INTRODUCTION

The crises have been going up and down for the
last hundred years after technical revolution. The
reasons were mainly gap between production and
policy of governments. To spend more as country can
produce firstly means inflation, then restriction, the
demonstrations of workers and citizen... If government
prepares solution on base, how to save money on
workers in public administration, they go to strike.
More countries all over the world produce less than
their citizens consume. Reason is a gap between
production sector and group of people employed in
public administration so called workers, which are not
connected directly or indirectly with productions or
service activity. Many of them have jobs and salaries
without the beneficial work.

Technical sector, engineers and manufacturers can help
partly with solutions in manufacturing areas with their
high education of modern production. To produce
better, it is necessary to know more than 50 different
concepts. From classical machining, CNC machine
tools to the adaptive processes as MQL, LN cryo
assisting, HP jet cooling, HSC, RP, etc. Big specter of
information and knowledge allows engineers that they
can find the appropriate procedure from the beginning
of the process. Till now, engineers were forced in
system of mass production with motto: faster/cheaper
with minimal respect to nature/ecology.

To care only about ecology is not enough. It is
something partly connected with nature, but not
including workers and other population properly.
Sustainable concept is something more, including
people properly and their social needs. To define what
means recession for people, we can show in my old and
well known diagram.

BDP

1991 2012 Time
Fig. 1: Fluctuations in production. [1]

2. INFLUENCE OF FLUCTATIONS ON
PRODUCTION

Hatched areas [1] “so called negative work™ are also
quantity measurement for workers — they are stressed.
What are people doing under stress we know! If we
know this up and down phenomena, stress by people
and short period of satisfaction, we don’t need to hurry
too much. After few years we will be on the same
quantity level of product with bigger satisfaction, we
can say with sustainable approach.

Work represents a big part of employee life time. Why
is he working? In order he needs money to make a
living for himself and his family. It is only new
concept, new way for surviving. For thousands years
people have lived in many different ways that they
came to food. Today money is food, so he is looking as
first on money. Main part of work and production
should stay to him. But it isn’t so. The money is shared
on too many different things just for case. Today
workers are too much taxed. It is one of the reasons
how and where money disappears. Next reason is
owner of the factory. He can divide money/benefit
properly or unfairly. There are many cases when
money disappeared from factory account before
salaries were given to workers. Okay, we know more or
less all this story of dirty management. From this
philosophy we continue to our area — production.
Where and how can we save money with technology.

3. THEORETICAL BACKGROUNDS TO
ELEMENT WHICH ACHIEVE ON
SUSTAINABLE EFFECTS

Machinability is always questionable by new pair of
material that we cut and cutting tool. Criteria are old
and well known. To define machinability, we have to
measure tool wear, cutting forces, surface roughness
and define chip shapes. Tool wear varies widely due
different cooling system, even we have the same pair of
workpiece material and cutting tool material because of
different friction coefficient ().
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Fig. 2. Tool wear curve [2]
Cutting force is shared on X, y, z components. The

main cutting force F is mostly affected by depth of cut
(ap) and cutting speed (V).

F. A

N

o

ap, mnt
K Log
<,
N 2
5
Ke0.3 &

Log
ol

P MM
Chip thickness
Fig. 3. Main cutting force and specific cutting force
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Specific cutting force k. is measure for energy
consumption of process (2). It is calculated with Kinzle
equation (1). First we have to specify the technology of
machining. Second step to achieve better efficiency is
with adequate sharing depth of cut to rough and fine
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cut. Thin chip and small depth of cut cause higher
specific force.

We have to find additional sources for minimizing
cutting forces. [3] They are connected with friction (u).
Friction and tribology are always present on cutting
tool during machining. The influence is on tool wear,
so in every cutting fluid we can find additives for
reduce sliding coefficient. It reduces length (I) of shear
zone chip formation area.

workpiece \

Fig. 4. Cutting zone, chip formation area [3]

F F
TS = — = —

A Dbl

Shearing stress (3) depends on cutting force (F), length
(I) of shear zone and chip thickness (b). The sliding of
chip over rake face of cutting tool is mostly depend
from friction coefficient (u) between workpiece

material and cutting tool material. Therefore we use
difference coating layers on cutting tool inserts.

©)

PVD HARD COATINGS  |SOFT COATINGS
B TiN_| _TiCN_| TIAIN MoviC___|
| Debelina (um) 153 | 153 | 48 0,2-0,5
| Trdota (HV 0,05) 2200 3000 | 3300 30
| Maks. temp. (°C) <600 <450 | <800 <800
Koeficient trenja 0,4 03 | 025 0,05-0,1

Fig. 5. MOVIC self-lubricating and anti-adhesive
coating [5]

With reducing cutting coefficient (i) from 0,8 to 0,1
(possibility), we also reduce cutting force. Of course
the ratio is not the same, but generally in in range of 10
— 50%. To have right data of cutting force values, we
have to measure them. Measured cutting forces are one
of important data in technological data bank.

F=Fc-v; 4)

Electro energy consumption of process (4) depends of
cutting force Fc and cutting speed v..

As case, we can discuss relationship to minimizing
power consumption for 30%. More than thousands
machine tools which are operating day and night in
money factories in many countries. We can reduce
electricity production for more than 10%. This is
something. We can close on this way some electro
power plants that cause environmental pollution with
their operating state. This represents important part of
sustainable manufacturing.



4. ADAPTED MODERN CUTTING PROCESSES

Engineering challenges of sustainable production are
going forward. We have modern adaptive processes for
machining as MQL, HP jet cooling, LN Cryogenic
machining.

[

Fig. 6. MOL [6]

lubricant can
improve tool life and improve the part finish. But it
may involve changes to both the equipment and the

Minimum quantity save money,

processing strategy. The cost of coolant is
approximately 15 percent of the life-cycle
operational cost of a machining process. This cost
continues to rise. It includes the costs associated
with procurement, filtration, separation and
disposal. Already the costs for disposal of coolant
are higher than the initial cost of the coolant, and
they are still rising. Even stricter regulations are
under consideration for coolant usage, disposal and
worker protection. As a result of all of this, coolant
in wet machining operations is a crucial economic
issue. An alternative, machining with “minimum
quantity lubricant,” or MQL, is gaining acceptance as
a cost-saving and environmentally friendly option in
place of some wet machining processes.

MQL (Fig. 6) permits dramatic cuts in coolant costs,
while protecting workers and the environment. It
also delivers improved tool life and surface finish,
even though tool life is often the reason why wet
machining is applied. MQL can deliver better life for
two reasons: the optimum concentration of
lubrication can be specified for a given operation,
and silicon particle contamination suspended in the
cutting fluid is eliminated [7].

Removing coolant from machining presents challenges
related to heat, tool life and chip removal, but certain
systems and strategies can address these challenges.
Heat dissipation without coolant requires a different
approach to processing the part. Special tooling using
lubricant ducts (as well as high-performance coatings
and heat-resistant materials) is also required. Chip
evacuation systems must be used as well [7].

Fig. 7. HP jet cooling [8]

In high — pressure coolant condition (Fig. 7) the
average cutting temperature reduced by 16% than dry
condition. As the temperature at the chip-tool interface
is one of the most important factor influencing the
machining process, so high — pressure jet cooling is
complimentary for machining process.

High-pressure jet — assisted machining has become a
powerful technique for increasing production
efficiency. The main advantages of HP jet cooling
cutting process are:

* Increasing of cutting speed and federate up to 35
percent for pair of cutting material and workpiece.

« Improved chip control.

* Increased tool life.

« Drastically reduced cutting edge temperature
compared to conventional flooded cooling.

- Better surface integrity.

« Reduction of cutting forces.

Fig. 8. Cryogenic machining [9]

It is known that oil-based cooling lubricating fluids
(CLF) are one of the most unsustainable elements of
machining processes. Most CLFs are formulated from
mineral oils, which are extracted from crude oil,
primarily for economic reasons.

In cryogenic machining a cryogenic CLF (non-oil-
based) is delivered to the cutting region of the cutting
tool, shown in Fig. 7, which is exposed to the highest
temperature during the machining process, or to the
part in order to change the material characteristics and
improve machining performance. The CLF is nitrogen
fluid, which is liquefied by cooling to -196 °C (liquid
nitrogen — LN). Nitrogen is a safe, non — combustible,
and noncorrosive gas. The LN in cryogenic machining
systems quickly evaporates and returns to the
atmosphere, leaving no residue to contaminate the part,
chips, machine tool, or operator, thus eliminating
disposal costs. Additionally, cryogenic machining
could help to machine parts faster, with higher quality,
increased machining performance, and a reduced
overall cost [10].

Some potential benefits of cryogenic machining are:
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« Considerably reduced friction coefficient on the tool —
chip interface.

* LN applied locally to the cutting edge is superior to
emulsion in lowering the cutting temperature.

« Increased tool-life due to lower abrasion and chemical
wear, increased material removal rate with no increase
in tool-wear and with reduced cutting tool changeover
cost, resulting in higher productivity.

* Improved machined part surface quality with the
absence of mechanical and chemical degradation of the
machined surface.

In the machining of high-temperature alloys,
conventional oil-based CLFs are not always effective
enough in terms of decreasing the high cutting
temperature, increasing tool life, reducing machining
costs and improving environmental/social
sustainability. The problem is that conventional CLFs
do not access the toolpart and tool-chip interfaces,
which are under high contact pressure, as they vaporize
at a high temperature generated close to the cutting tool
edge. Taking this into account, it becomes clear that
technologies employing conventional CLFs are
ineffective and unsustainable when machining
materials with high shear strength and low thermal
conductivity. In this case, the avoidance of
conventional CLFs, would yield an enormous gain
from the sustainability point of view.

5. CONCLUSION

Study to be engineer and working on average level
is not enough. Engineer has to be innovative, full of
ideas and always looking for new, better and more
ecological manufacturing concept. It must be visible
also by cost of production. With adapted modern
cutting processes we can achieve higher productivity
with lower environmental pollution. Choice of adaptive
process depends on the machining application. In
general all of mentioned processes have many
advantages in view of sustainable machining, and this
is a key to increasing productivity.

Costs]

//7"' ot
Difference y
//

Fixed costs

»
Nr. of pieces

Fig. 9. Costs in production

Difference of costs and better benefit should be shared
also to workers in production. This is a guaranty for
more intensive work. All advanced ideas should be
taken in to consideration and tested, because we will
never know everything, and in many cases some
solutions reveals beneficial results.
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DETERMINING THE PROCESSING PARAMETERS FOR STEEL AISI 6150 IN
LASER CUTTING

Abstract: Laser processing is very precise and economical method of material processing. The advantages of laser
cutting over conventional cutting methods are reflected in the high-speed processing capability, narrow width of the
cut, straight cut edges, low roughness of cut surfaces and the possibility of creating complex profiles. The process of
laser cutting and cut quality depends on proper selection of cutting parameters. A set of cutting parameters is
supplied with each laser and they are optimized for cutting certain materials. The paper presents the process of
defining new parameters for cutting parts made of spring steel (AISI 6150) for which the recommended cutting
parameters have not been provided by Byspeed 4020 laser manufacturer. Adequate accuracy of the quality and
shape of the cut has been reached. Therefore, the obtained parameters are reliable and are further used in the

production process.

Keywords: laser cutting, cutting parameters, production process

1. INTRODUCTION

Laser Byspeed 4020 is a product of Swiss
company Bystronic that belongs to latest generation of
lasers. Its cutting speed of thin sheet metal exceeds all
previous Bystronic models and other competitor’s
products. For example, some tasks such as cutting steel
plates 10 mm thickness which classic laser performed
for 330 to 360 minutes, the laser can do for 160
minutes. Therefore, this type of laser shows a drastic
difference in the speed of making pieces, which is
nowadays very important, regarding the very short
deadlines for making appropriate job. Also, it should be
noted the high accuracy of this machine which was not
the case with lasers. For sheets up to 6 mm thickness,
this machine has an accuracy of one tenth of making
up, on sheet thickness and 10 mm accuracy varies by
three tenth, which are remarkable results.

Fig. 1. Laser Byspeed 4020
Laser is used solely for cutting certain types of metal. It
can cut stainless steel and acid resistant steels up to
thickness of 10 mm. In the process of cutting it is
necessary to add the appropriate gas so that cutting

could be done. In above mentioned laser it is used
oxygen and nitrogen. When cutting stainless steel, acid
resistant, fire-resistant steels, nitrogen is used, and in
the case of cutting carbon steel it is used oxygen,
regarding that laser can cut carbon steel up to thickness
of 25 mm. Laser can cut aluminum, but the quality is

somewhat lower, because aluminum is a good
conductor. The maximum thickness of aluminum that
can be cut is 15 mm, but the higher speeds produces
even lower quality. Also, laser can cut brass and copper
to a thickness of 3 mm. Because they are even more
conductors the cut could lose in drastically in quality.

2. LASER CUTTING PROCESS

Laser processing of materials is based on the use
of highly concentrated light energy received by
stimulated radiation for heating, melting or evaporation
of material. The laser beams has become a universal
tool that can manage all types of materials [1].
Directing laser beam on the workpiece (Fig. 2) can
derive a number of manufacturing operations such as
drilling, cutting and welding. Thanks to high
orientation - focusing the beam (on the surface of 10
mm?), high density energy beam (up to 10° kW/mm?),
the ability to easily control a laser beam and processing
in different environments, laser processing is gaining
more importance and has many advantages [2].

Laser cutting can be classified into three types: laser
fusion cutting, laser gas cutting and laser sublimation
cutting.

Laser beam

Cutting nozzle

Layer of molten metal

Workpiece

Smoke

Fig. 2. Basic principle of laser cutting

During laser fusion cutting, the workpiece is locally
melted and vaporized with the aid of gas (e.g.
nitrogen). The material is transported only in liquid or
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molten phase, which is why the process is called fusion
cutting. An inert cutting gas of extreme purity is
inserted into the laser beam, which ejects the molten
material from the cut, without participating in the
process of cutting. The oxidation of edges does not
occur during laser fusion cutting which makes it
suitable for cutting ferrite materials. Characteristics of
the laser fusion cutting: working gas nitrogen or argon;
laser power 80 ... 100% of maximum power; gas
pressure 10 ... 20 bars; focal position approximately on
the lower face of the sheet (Fig.3).
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Laser beam

Approximate location of the focal point
Upper face of sheet

Lower face of sheet
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Fig. 3. Location of the focal point for fusion cutting

Laser gas cutting is differentiated from laser fusion
cutting by the use of oxygen as the cutting gas. During
laser gas cutting, the melting zone is further heated by
the flow of oxygen into the cut and reaches
temperatures approximating the boiling point of
materials. This causes profuse evaporation and removal
of the material. The cutting gas jet is also used for
driving out the molten material from the lower side of
the workpiece. Given that the interaction of oxygen
with heated metal causes a reaction which further heats
the material, cutting speeds achieved in mild steel
cutting are higher than the ones achieved in fusion
cutting of sheet of 6 mm and thicker. Laser cutting by
oxygen is critical when cutting fine contours and acute
shapes because of the risk of burning. Characteristics of
the laser gas cutting: working gas oxygen; laser power
25 ... 80% of maximum power; gas pressure 0,5 ... 5
bars; focal position approximately on the upper face of
the sheet (Fig.4).
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Laser beam

Appraximate location of the focal point
Upper face of sheet

o N @ >

Lower face of sheet
Fig. 4. Location of the focal point for laser gas cutting

In laser sublimation cutting the material evaporates
directly into the cut, without the occurrence of the
liquid phase. This method requires high laser power
that is dependent on thermal properties of materials.
Typical materials that are cut by this method are
plastics, wood, paper and leather.
3. PROCESSING PARAMETERS

In order to execute the operation of laser cutting it
is necessary to know the processing parameters [1].
Processing parameters include the characteristics of the
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laser cutting process that can be modified to improve
the quality of the cutting process and achieve the
required results of cutting [3]. The parameters of the
laser cutting process can be classified into four major
categories: specified parameters of laser cutting, input
parameters of laser cutting, operating parameters of
laser cutting and output parameters of laser cutting.

The specified parameters of laser cutting are: gas type,
gas purity, gas pressure, the diameter and shape of the
nozzle. Gas pressure and the shape of the nozzle have
an effect on the roughness of the cut. The consumption
of cutting gas depends on gas pressure and diameter of
the nozzle. Cutting by low pressure gas requires the
pressure of up to 5 bars, whereas in cutting by high
pressure gas, the pressure can reach 20 bars.
Conventional nozzles have a circular, conical opening.
The distance between the nozzle opening and the
surface of the workpiece must be as small as possible.
The smaller the distance, the greater is the amount of
gas that enters the cut. The gap width usually ranges
from 0,5 to 1,5 mm.

Operating parameters of laser cutting with which the
quality of cutting can be optimized are: focus position,
laser power, gas pressure, feed rate and the distance
between the nozzle and the cutting surface. Original
cutting parameters are optimized to ensure maximum
reliability of the process. Each laser is supplied with a
set of cutting parameters. Cutting parameters are given
for the materials of specific type and thickness. For
materials for which the laser manufacturer did not
provide the recommended values, new cutting
parameters could be set. The paper presents the process
of defining new parameters for cutting parts made of
steel AISI 6150 with the achievement of adequate
accuracy of the quality and shape of the cut.

4. CUTTING PARAMETERS OPTIMIZATION

Cutting parameters are scalar values which have a
direct effect on the process of cutting. In order to
properly modify the cutting parameters it is important
to know how the part has been programmed and which
cutting technology is used. The cutting of new material
must be preceded by experimental cutting. If any
problems concerning the quality of cutting should arise
in the experimental phase, they can be fixed by
adjusting the original cutting parameters. The
optimization of cutting parameters can be derived from
the existing samples, and their recommended list [4].
Table 1 shows the order in which cutting parameters
should be adjusted depending on the type of cutting
gas. The reasons for the need of adjusting cutting
parameters are: different material composition,
variations of tolerances in the thickness of sheet,
different nature of the surface and considerable
temperature variations in the material used (reference
temperature = +20 ° C).

The following conditions must be met in order to
obtain high quality of the cut: the laser cutting machine
and laser beam source must be in perfect condition, the
lenses of the cutting head must be flawless, and the
cutting head and the nozzle must be consistent with the
cutting parameters.



Cutting with Cutting with Cutting with

a oxygen (0;) nitrogen (N,) compressed alr (Air)
.% Option

1 Focal position Focal position Focal position

2 Laser power Feed rate +10% OK Feed rate + 10% OK
3 Gas pressure Laser power Laser power

4 Feed rate+ 10% OK Gas pressure Gas pressure

5

Nozle distance Nozzle distance Nozzle distance

Table 1. Order in which cutting parameters should be
adjusted

The position of the focus or focal point denotes the
smallest diameter of the laser beam. The maximum
power density is concentrated in the focus. The lenses
of the cutting head focus the laser beam. The focus
position basically depends on the type of gas used
(Fig. 5). Depending on the material that is cut, the focal
point can be located: on the workpiece (focal position
A), in the workpiece (focal position B) and under the
workpiece (focal position C).

Focal paosition A

0E-

The focus position basically depends on the cutting gas used.

Focal position B Focal pasition C

Cutting gas Laser cutting method® | Focal position

Cxygen laser cutting Focal position in upper region of
o main sheet.

Focal position A

Nitrogen Fusion cutting

N Focal position in lower region of
main sheet.

Compressed ait®l | Fusion and gas cutting

air Focal position C

Fig. 5. The position of the laser beam focus

The central position of the focus varies depending on
the condition of the lenses. Dirty or old lenses can shift
the focus position upward. This dislocation can be up to
several millimeters depending on the age or degree of
impurity of the lenses. It is therefore important to
regularly clean the lenses. The focus position can be
modified (Fig. 6) by the input of a new numerical value
in millimeters. The higher numerical value shifts the
focus position downward, the lower numerical value
shifts the focus position upward, while the numerical
value 0 corresponds to the surface of the sheet (A).

A
-5

0 !
+5 ——

Fig. 6. Change of focus position

Laser power is a parameter that defines the power of
the laser during continuous operating mode of the laser
(cw-continuous wave). It should be noted that there is a
difference between continuous wave and pulse wave
(pw). In continuous operating mode, the nominal power
of the laser beam is continuously available, while in
pulse operating mode it is emitted at intervals [5].

Gas pressure depends on the cutting gas and the nozzle
used. In oxygen (O,) assisted cutting, the higher value
results in higher cutting temperature and rougher shape
of the cut. With the use of nitrogen (N,) and

compressed air, the material is ejected and cooled more
easily. In cutting with O, the maximum gas pressure is
10 bars, in cutting with N, the maximum gas pressure
is 24 bars, whereas in cutting with compressed air the
maximum pressure is 12 bars.

Feed rate is a parameter that defines the cutting speed
during continuous operating mode of the laser (cw).
Feed rate is a variable which is dependent on other
factors. If it is not possible to achieve the minimum
feed rate during the production, the laser machine must
be tested by the manufacturer's service personnel. It
should be noted that the reduction of the feed rate by 10
- 20% leads to significant improvement of quality and
process reliability in almost all cases.

Nozzle distance is a parameter that defines the distance
between the nozzle and the surface of the workpiece
during the cutting process. This distance affects the
flow of gas, which further has a direct effect on cutting
performances and cutting quality. If the nozzle distance
is larger than 1 mm, significant variations in pressure
will occur. It is recommended that the nozzle distance
be smaller than the diameter of the nozzle, because
greater distance can result in turbulence and
considerable changes in pressure in the gap between the
nozzle and the workpiece [3]. The nozzle distance <1
mm leads to increased wear and impurity of the nozzle,
whereas the nozzle distance >1mm leads to poor
quality of the cut.

5. SETTING THE CUTTING PARAMETERS
FOR STEEL AISI 6150

Experimental research was conducted on a

Byspeed 4020 laser, a product of Bystronic from
Switzerland [6]. The recommended values of cutting
parameters for materials of specific type and thickness
were given by the laser manufacturer. The
recommended values for cutting materials made of
steel AISI 6150 were not provided. Therefore, new
cutting parameters were defined with the aim of
achieving satisfactory quality of the cut. Nitrogen was
used for cutting in continuous operating mode of the
laser (cw).
A figure 7, 8, 9, 10 shows the shape of the cut
depending on the focus position, gas pressure laser
power and feed rate. In order to achieve optimum
quality of the cut, the situation and the possible solution
have been provided for each parameter. The images are
magnified 10 times and this is why the stripes and
irregularities can be seen even in the image with the
optimal shape of the cut ( Fig 11).

Focus position too low

Situation: The focus is in the upper section which is
wrong for this kind of material. It would be correct to
set focus in the central zone of the cut.

. AN
Fig. 7. Focus position too low
Solution: Set a greater numeric value of focus position.
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Feed rate too low, focus position too low

Situation: The focus is in the upper section of the cut
but material damage also occurs in the central zone of

D\ VN T A RN A A 4\ )

PR CAATACR AL
Fig. 8. Feed rate too low, focus position too low
Solution: Set a greater numeric value of focus position.
Increase the cutting speed so that the lasers beam less
damages (melted) material in the central zone of the
cut.

Laser power too high, focus position too low, feed rate
too high

Situation: The focus is in the upper section, the material
damage in the central zone of the cut but this time with
an emphasized curvature lines that are generated in the
process of cutting.
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feed rate too high

Solution: Set a greater numeric value of focus position.
This time the damage in the central zone of the cut
cannot be solved by increasing the cutting speed
because curved lines formed in the cutting point to the
excessive cutting speed. Reducing power of the cut
which eliminates damage materials and reduce the
cutting speed eliminating the curvature lines generated
in the process of cutting.

Gas pressure too low, laser power too high, and focus
position too low

Situation: The focus is in the upper section, the material
damage in the central zone of the cut and the formation
of slag in the lower zone of the cut which clearly
indicates that the cutting material is not done until the
end.

Fig. 10. Gas pressure too low, laser power too high, and
focus position too low

Solution: Set a greater numeric value of focus position,
the material damage in the central zone may be solved
by two ways: by increasing the cutting speed and
reducing power. There is always tendency to increase
cutting speeds because of the cost-effectiveness and
productivity of the machine. Slag in the lower zone of
the cut is then easily removed by increasing the gas
pressure for only 2-3 bars.
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Optimal cut for steel AISI 6150

Fig. 11 shows the optimal cut for steel AISI 6150
thickness of 10 mm. It is important to note that in the
process of designing program it is used technology for
cutting stainless steel, otherwise all these changes in
the cutting do not achieve the desired result (this type
of material cannot be cut using the technology for
cutting steel). The values of established processing
parameters are as follows: cutting speed 900 mm / min,
4400 W laser power, focus position 10,5 mm, 18 bar
gas pressure, nozzle distance from the surface of the
material 0,5 mm.
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Fig. 11. Optimal cut for steel AISI 6150
6. CONCLUSION

Experimental research in laser processing of materials
AISI 6150 led to the optimal cut (Figure 11). Optimal
cut for AISI 6150 thickness of 10 mm sheet obtained
by the following cutting parameters: cutting speed 900
mm / min, 4400 W laser power, focus position
10,5 mm, 18 bar gas pressure, nozzle distance from the
surface of the material 0,5 mm. It should be also noted
achievement of the same understanding of laser cutting
technology, which enables the formation parameters for
other kinds of materials such as AISI 314or AISI 4140.
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THE IMPLEMENTATION OF TAGUCHI METHOD FOR QUALITY IMPROVEMENT
IN HIGH-PRESSURE JET ASSISTED TURNING PROCESS

Abstract: In this paper, the cutting of Inconel 718 using high-pressure jet assisted turning proces has been reported.
The Taguchi method, with orthogonal arrays and signal-to-noise ratio, has been used to analyse impact of various
process parameters on surface roughness and to find optimal levels of the process parameters. An attempt was made
to minimase the number of experimental runs and increase the reliability of experimental results. The study shows
that the Taguchi method is suitable to solve the stated problem with minimum number of trials.

Key words: Taguchi method, High-pressure jet assisted turning

1. INTRODUCTION

Determination of optimal machining parameters is
continuous engineering task which goals are to reduce
the production costs and to achieve the desired product
quality. With the more precise demands of modern
engineering products, the control of surface texture
with dimensional accuracy has become more important.
Surface roughness is the characteristic of surface which
describes the surface quality, with regard to machining.
This is a widely used index of product quality and in
most cases a technical requirement for mechanical
products. Achieving the desired surface quality is of
great importance for the functional behaviour of a part.
Following modern  production  requests and
technologic-economic  analysis  of  processing
operations, during the designing process, it is necessary
to determine optimal cutting parameters in order to
achieve minimal expenses or minimal production time
[1].

High pressure jet assisted turning (HPJA) presents
an innovative method of lubricating and/or cooling the
cutting zone during machining. This machining process
is able to cutting of nickel-based alloys. Nickel-based
alloys are well known to yield a very poor machining
performance. The subject of this study is to analyse
dependence of surface roughness on the following five
HPJA parameters: the diameter of the nozzle D,, the
pressure of the jet P, the cutting speed V., the feed rate
and distance between the impact point of the jet and the
cutting edge d.

The Taguchi method of experimental design is one
of the widely accepted techniques for off line quality
assurance of products and processes. This method is a
traditional approach for robust experimental design that
seeks to obtain a best combination set of factors/levels
with lowest cost societal solution to achieve customer
requirements. In this research work the roughness
parameter R, is measured experimentally during high
pressure jet assisted turning of Inconel 718. Taguchi
method and ANOVA analysis are used to analyze the
effect of cutting parameters on surface roughness.

2. TAGUCHI METHOD AND EXPERIMENTAL
DETAILS

2.1 Taguchi method

Robust Design method, also called the Taguchi
method, pioneered by Dr. Genichi Taguchi, greatly
improves engineering productivity. Taguchi parameter
design is based on the concept of fractional factorial
design. The main objective of parameter design is to
minimize the process or product variation and to design
robust and flexible processes or products that are
adaptable to environmental conditions [2]. Taguchi’s
approach to design of experiments is easy to adopt and
apply for users with limited knowledge of statistics;
hence it has gained a wide popularity in the engineering
and scientific community. Many companies around the
world have saved hundreds of milions of dollars by
using the method in diverse industries: automobiles,
xerography, telecommunications, electronics, software,
etc.

Taguchi method uses orthogonal array to execute
experiments and for analyzing. Signal to noise ratio and
orthogonal array are two major tools used in robust
design. The S/N ratio characteristics can be divided
into three categories when the characteristic is
continuous: nominal is the best, smaller the better and
larger is better characteristics. For the minimal
roughness, the solution is ,,smaller is better, and S/N
ratio is determined according to the following equation:

S/, =10 Iog[%éy?] M

Where n is the number of replication and y; is the
measured value of output variable. The minimal R, is
achieved using the cutting parameters where S/N ratio
is maximal. The influence of each control factor can be
more clearly presented with response graphs [3].
Optimal cutting conditions of control factors can be
very easily determined from S/N response graphs, too.
Parameters design is the key step in Taguchi method to

37



achieve reliable results without increasing the
experimental costs. The experimental layout for the
machining parameters using L,7(3") orthogonal array
was used in this study. The experimental results were
analyzed with Analysis of Variance (ANOVA), which
is used for identifying the factors significantly affecting
the performance measures.

2.2 Experimental details

High pressure jet assisted turning (HPJA) is a
process where cooling lubrication fluid (CLF) is
delivered into the cutting zone region under extremely
high pressure of up to P=300 MPa and at a lower
volume flow rate than in the conventional case,
providing improved lubrication, cooling and chip
breaking effects, Fig. 1. This is innovative method of
lubricating and/or cooling the cutting zone during
machining.

Fig. 1. HPJA CLF delivery jet direction sketch [4]

Some potential benefits of this machining are [4] :
more sustainable machining through lower flow rates
of CLF in comparison to conventional machining,
decreasing the cutting tool-chip contact length,
resulting in lower cutting forces and longer tool life,
drastic improvement in chip breakability etc.

The experimental work was carried out at the
Laboratory for Machining, the Faculty of Mechanical
Engineering in Ljubljana. The experiments were
conducted in longitudinal turning process on
conventional lathe, fitted with a Hammelmann high-
pressure plunger pump of 150 MPa pressure and 8
I/min capacity. The fluid used was the Vasco 5000
cooling lubricant from Blaser Swisslube Inc., a 5,5%
emulsion without chlorine on the basis of vegetable oil
mixed with water (pH 8,5-9,2).

Machining performance was investigated according
to the following HPJA parameters: the diameter of the
nozzle D, (0.25, 0.3 and 0.4 mm), the pressure of the
jet P (50, 90 and 130 MPa), the cutting speed V. (46,
57 and 74 m/min), the feed rate f (0.2, 0.224 and 0.25
mm/rev) and the distance between the impact point of
the jet and the cutting edge d (0, 1.5 and 3 mm).

All experiments were carried out using the nickel-
based alloy Inconel 718 supplied as bars (145 mm
diameter x 300 mm long) with hardness between 36
and 38 HRC by orthogonal arrays with three levels
(coded by: 1, 2 and 3), Table 1. A PVD TiAlIN-coated
carbide tool (grade P25) SNMG 12 04 08-23 has been
chosen.

Surface roughness was measured with a stylus-type
instrument Mitutoyo-Surftest SJ-301, Fig. 2. The
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surface roughness response is the average reading of
three consecutive measurements.

Levels
Symbol Parameters 1 > 3
A Diameter of the 025| 03 0.4
nozzle, D, (mm)
Dist. between the
impact point of the
B jet and the cutting 0 1S 3,0
edge, d (mm)
Pressure of the jet,
C P (MPa) 50 90 | 130
D Cutthg speed, V. 6 57 74
(m/min)
E Feed, f (mm/rev) 0,2 10,224 | 0,25

Table 1. Machining parameters and their levels

Fig. 2. Measurement of 2D roughness parameters [5]

3. RESULTS AND DISCUSSIONS

Experimental  results, together  with their
transformations into signal-to-noise ratios are given in
Table 2. In this study all the analysis based on Taguchi
method is done by Minitab14 and Qualitek-4 software
to determine the main effects of the cutting parameters,
to perform the analysis of variance (ANOVA) and
establish the optimum conditions.

From Table 3. it can be determined which control
factors have strong influence on roughness parameter
R, in high-pressure jet assistance turning (HPJA).
Optimal cutting conditions of these control factors can
be very easily determined from the S/N response
graphs in Fig. 3. The response graphic of roughness
parameter R, has been shown for all five factors. The
best roughness parameter R, is at the higher S/N values
in the response graphs. Parameter influence on output
process variable shows angle of inclination of the line
which connects different parameter levels.

It can be seen from the presented graphs that feed
has the greatest influence on the roughness parameter
R.. The diameter of the nozzle D,, distance between the
impact point of the jet and the cutting edge d and
pressure P have small influence. Cutting speed has
insignificant influence on the roughness parameter R,.
Optimal cutting conditions are shown in Table 2.



_ - The optimization of cutting parameters inside offered
=8 _ - B g)u B £ factors leyels, with re?gar.d to criterion “smaller is
£ % £ g & £ g g % better”, gives the combination of control factors: A=3,
3E - » °o¢g = B=3, C=1, D=3, E=1. This combination enables the

= ol T 3 lowest roughness parameter R,. A verification test has

to be performed after optimal settings of control factors

Do(mm) | 3 |04 | g have been determined with the goal to approve the

d (mm) 3 130 | 45| S/IN=7109 R,=2,45 calculated value of the quality characteristic.

P(MPa) | 1 | 50 | 5% | R=2267um um Difference between the calculated and yielded value of
;/Er(n'?é;?e'\”/; i 0730 & roughness parameter R, is very small.

Table 2. Optimal settings of control parameters

Factors Parameters
Ne A B C D E D, d = v, f R, (um) S/N
D, d p V, f (mm) | (mm) | (MPa) | (m/min) | (mm/rev)

1] 1 1 1 1 1 | 025 0 50 46 0,2 2,54 -8,007
2 | 1 1 1 1 2 0,25 0 50 46 0,224 2,77 -8,85

3 1 1 1 1 3 0,25 0 50 46 0,25 3,76 -11,504
4 1 2 2 2 1 0,25 1,5 90 57 0,2 2,86 -9,128
5 1 2 2 2 2 0,25 15 90 57 0,224 3,09 9.8

6 | 1 2 2 2 3 0,25 1,5 90 57 0,25 4,07 -12,192
70 1 3 3 3 1 0,25 3 130 74 0,2 2,63 -84

8 1 3 3 3 2 0,25 3 130 74 0,224 2,86 -9,128
9 1 3 3 3 3 0,25 3 130 74 0,25 3,85 -11.71
10| 2 1 2 3 1 0,3 0 90 74 0,2 2,63 -84

1| 2 1 2 3 2 03 0 90 74 0,224 2,85 -9,097
2| 2 1 2 3 3 03 0 90 74 0,25 3,84 -11,687
13| 2 2 3 1 1 0,3 15 130 46 0,2 3,10 -9,828
14| 2 2 3 1 2 0,3 1,5 130 46 0,224 3,33 -10,449
15| 2 2 3 1 3 03 1,5 130 46 0,25 431 -12,69
16 | 2 3 1 2 1 0,3 3 50 57 0,2 2,54 -8,097
17| 2 3 1 2 2 0,3 3 50 57 0,224 2,76 -8,819
18| 2 3 1 2 3 0,3 3 50 57 0,25 3,75 -11,481
19| 3 1 3 2 1 0,4 0 130 57 0,2 2,52 -8,029
20| 3 1 3 2 2 0,4 0 130 57 0,224 2,75 -8,787
21| 3 1 3 2 3 0,4 0 130 57 0,25 3,74 -11,458
22| 3 2 1 3 1 0,4 1,5 50 74 0,2 2,45 -7,784
23| 3 2 1 3 2 0,4 15 50 74 0,224 2,68 -43,76
24| 3 2 1 3 3 0,4 1,5 50 74 0,25 3,67 -11,294
25| 3 3 2 1 1 0,4 3 90 46 0,2 2,41 -7,641
26| 3 3 2 1 2 0,4 3 90 46 0,224 2,63 -84

27| 3 3 2 1 3 0,4 3 90 46 0,25 3,62 -11,175

Table 3. Orthogonal array L,7(3") with experimental results and calculated S/N ratio

The experimental results were analyzed with Percentage contribution of parameter is obtained by
Analysis of Variance (ANOVA), which is used for dividing the sum of squares for each parameter with
identifying the factors significantly affecting the total sum squares.
performance measures are shown in Table 4.
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DOF| Sum of Sqrs. | Varance F -Ratio Pure Sum Percent

Col # / Factor (f) (5) (V) (F) (5) P %)
1Dn 2 3343 1.672 126.807 3318 5223
2d 2 3.047 1523 115518 3.02 4756
3P 2 1.992 996 1333 1.943 3.003
4Ve 2 381 19 14474 353 559
5f 2 54525 27262 2067.047 54499 85821
Other/Error

Total: 26 63.503 100.00%

Table 4. ANOVA table

4. CONCLUSIONS

This paper has discussed dependence of roughness
parameter R, of the five high-pressure jet assistance
turning (HPJA) parameters. Taguchi method has been
used to determine the main effects, significant factors
and optimum machining conditions to the value of the
roughness parameter R,. From analysis using Taguchi’s
method, results indicate that among the all-significant
parameters, feed is the most significant. Results
obtained from Taguchi method closely matches with
ANOVA.
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Nagode, A., Klan¢nik, G., Goji¢, M., Kosec, B., Bizjak, M., Zorc, B., Kosec, L.

AN INVESTIGATION OF THE SURFACE DAMAGE OF HOT PLATES AFTER
BLACK OXIDE COATING

Abstract: After the black-oxide coating brown stains were observed forming on the surfaces of grey-cast-iron hot
plates made for an electric stove. These stains were metallographically examined using a scanning electron
microscope (SEM) equipped with an energy-dispersive X-ray spectrometer (EDXS). For the phase identification we
also employed X-ray diffraction (XRD) analyses. The results of the analyses indicated that the stained surfaces of
the hot plates were covered with whiskers of hematite (Fe,03), while on the surfaces of the non-defective hot plates
only magnetite (Fe;0,) was present. The thermodynamic calculations confirmed the possibility of the formation of
hematite (Fe;O3) as a result of the oxidation of magnetite (Fe;0,) if the partial pressure of oxygen is increased

during the black-oxide-coating process.

Key words: whiskers, grey cast iron, magnetite (Fe;0,), hematite (Fe,0;3)

1. INTRODUCTION

A damaged surface of a hot plate made of grey cast
iron used for the electric stove exhibits many brown
stains (Fig. 1) after black oxide coating (blackening).
The blackening [1] is mainly used to produce a
protective dark (grey) oxide layer [2,3] on the surface
consisting predominantly of magnetite (Fe;0,);
however, it also prevents against corrosion and
abrasion [4]. Before blackening the grooves on the
surface of the hot plate are made by turning [5-7] .

The black oxide coating process of hot plate was
held in the furnace at 650 °C. For the appropriate
atmosphere for producing a thin oxide layer on the
surface of grey cast iron the wood was burned [8]. The
maximum temperature in the furnace of 650 °C is
reached after four hours, while the whole process lasts
eight hours.

Fig. 1 Brown stains on the surface of grey cast iron
after blackening

2. EXPERIMENTAL

For the microstructural characterization of the

brown stains on the surface of grey cast iron which
have been observed after blackening a scanning
electron microscope Jeol JSM 5610 equipped with
energy dispersive X-ray spectrometer (EDXS) was
used [9]. The accelerated voltage of electron beam was
20 keV. For phase identification an X-ray diffraction
analysis was also performed. For that analysis, an X-
ray diffractometer PANalytical X Pert PRO (radiation
wavelength CuKal = 1,5406 A) with Johansson
monochromator for flat samples has been used.

3. RESULTS AND DISCUSSION

A detailed observation of the surface of grey cast
iron after blackening wusing scanning electron
microscope (SEM) revealed that the surface with
brown stains (Fig. 1) is covered with whiskers [10-14]
(Fig. 2), while the surface where no brown stains have
been observed shows typical oxide pattern (Fig. 3)
which reflects grain orientation of the base material.

ol S

Fig. 2 Surface of grey cast iron covered with whiskers;
SEI
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Fig. 3 Typical oxide pattern after black oxide coating;
SEI

Backscatter electron image (BEI) of the cross
section of the sample covered with whiskers (Fig. 4)
shows, chemically, two different oxide layers on the
base material (grey cast iron), i.e., the outer (light
contrast) and the inner (dark contrast) oxide layers.
However, a detailed EDXS analysis (Table 1) shows
that whiskers as well as the upper part of the outer
oxide layer is composed of pure Fe-oxide, while in the
lower oxide layer EDXS analysis indicates FeMn-
oxides. The EDXS analysis . of the inner oxide layer
(dark contrast) confirms the presence of Fe, Mn and Cr;
however, the increased content of Si indicates that the
inner layer is composed of Si-rich Fe(MnCr) oxide..

Figure 4. Cross section of the sample covered with

whiskers; BEI
Site of interest | Fe (0] Mn | Si | Cr
935 |65 | - - -
959 41| - - -
96019 |11

9593104 /03|03

958 06|07 | 22|06

974 | - 06 |13]0,7

Table 1. EDXS analysis of the sample covered with
whiskers in cross section /wt. %

OB |WIN|F-

In Fig. 4 the internal oxidation of the matrix around
the graphite flakes near the surface can also be seen.
The internal oxidation actually consists of iron
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oxidation (xFe + yO = FexOy) as well as graphite
oxidation (2C + O, — 2CO or C + O, — CO,). The
formation and growth of the Fe-oxide in the subsurface
is promoted by oxygen penetration through the graphite
boundaries with the metallic matrix [15, 16].

In order to show the element distribution on the cross
section of the sample covered with whiskers an energy
dispersive X-ray spectroscopy (EDXS) maps are
presented. EDXS maps confirm above mentioned
results of EDXS quantitative analysis. Distribution of
carbon shows graphite flakes at the bottom of the
image, however, at the top of the image the signal of C
shows the signal C, Ka. X-rays which come from the
bakelite that the sample for metallographic preparation
has been put in.

Si, Ka



0O, Ka

C, Ka
Figure 5. EDXS maps of Fe, Mn, Cr, Si O and C

The X-ray diffraction analysis was used for a phase
identification of the surface covered with whiskers as
well as for the surface without them. The analysis
showed that the only difference between two XRD
patterns lies in the ratio of the peak intensities between
the hematite (Fe,O;) and the magnetite (Fe;0,).
Namely, a detail from the XRD spectrum (2 theta = 32
° - 2 theta = 36 °) of the surface covered with whiskers
shows a higher peak-intensity ratio between the
hematite (Fe,O;) and the magnetite (Fe;0,) (Fig. 6a) in
comparison to the X-ray diffraction pattern of the
surface without whiskers (Fig. 6b). Since the surface
with brown stains is covered with whiskers this result
indicates that the whiskers are composed of hematite
(Fe 03).

1600 1600
a) b) Fe30,
1400 1400 +
1200 + 1200 +
Fe;0,
1000 1+ 1000 +
2 2
S 800 + S 800 +
o o
o o
600 + 600 1
Fe,03
400 1 400 + Fe0;
200 4 200 + f
0 + ) 0 t st
32 34 36 38 32 34 36 38
20/° 20/°

Figure 6 A. detail of XRD spectrum of the surface; a)
covered with whisker; b) without whiskers

4. THERMODYNAMIC CALCULATIONS

For the calculation of particular phase diagram, Fig.
7, the data for pure elements were taken from Dinsdale
[17], for the substances data from Ansara [18].
Thermodynamic assessments on the Fe-O phase
diagram were done by Sundman [19] and Selleby and

Sundman [20]. The calculation of the phase diagram
was done using Thermo-Calc software (TCW5).

1400 ! L .
FeO
{Wustite)\x ™ Fes0,4
1200 + (Magnetite) |-
FeO+ y-Fe 4— Fe304+ Fea03
1000 10 1pepoe L
]
= 1~ FeO + Fe;0,
8 800 10-20 D-?D 10 10 |
=
w
g FeO + a-Fe Fe 03+ 0
g 600 10-26 028 | 1418 B
=z
400 i 1D-35 10 {14 |
| Fe203
Fes0y+a-Fe (Hematite
200 T A

T T
@ 0 0,1 0,2 0,3 0,4 0,5
Mass fraction O /-

Figure 7. Fe-O phase diagram, and partial pressure of
oxygen at 400 °C, 600 °C, 800 °C and 1000 °C

The calculations were performed using equation 1
and equation 2. The activity of oxide was taken to be 1
as in the case of pure metal. The standard state of the
gas is 1 atm. The equation for oxidation of pure metal
is given with equation 1:

2u 2
TMe(s) +0, =;Meu0v(s) €))

AG = AGY + RT'In pog1 (eq) = AGY ZRTIn poy(eq) (2)

2Fe(s) + O, = 2FeO(s)
AG®=-529 800 + 113,0T 3)

1,5Fe(s) + O, = 0,5Fe;04(s)
AG® =—553 400 + 148,0T 4)

4Fe304(s) + 02 = 6F6203(S)
AG® =-498 900 + 281,3T (5)

6FeO(s) + O, = 2Fe304(s)
AG® =—624 400 + 250,2T 6)

where and represents the Gibbs energy change of
the reaction when all reactants and products are at their
respective arbitrarily states and the standard Gibbs
energy of formation (equations 3-6). R is the gas
constant (8,3144 Jmol'K™), T temperature (K) and po2
(eq.) (atm) is equilibrium (dissociation) pressure of iron
oxide. The calculations were done for equilibrium
conditions, Constant isobars at specific temperatures
revealed large variations of dissociation pressures of
iron oxides existing between different oxide regions.
So, proper heating and cooling conditions (with
controlled partial pressure-oxygen content inside the
gas reservoir) are needed for controlled growth of
oxides, Fig. 7. If the value po2 for a given atmosphere
under consideration lies under the dissociation pressure
of iron oxide po2 (eq.), this oxide will dissociate into
the oxygen and metal (or another oxide). On the
contrary, if the value po2 lies above the dissociation
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pressure of iron oxide po2 (eq.), then the iron oxide is
stable. So, increased partial pressure of oxygen relative
to dissociation pressure at temperature of interest the
formation of the hematite on the pre-existing magnetite
is possible. The content of particular oxide (Fe,O; on
Fe;0,) is a time-dependant function.

5. CONCLUSIONS

After the black-oxide coating the brown stains on
the surface of hot plates made of grey cast iron were
observed. SEM observations showed that these stains
were caused by whiskers growth on the surface and
aesthetically damaged it. Detailed investigation showed
that whiskers were growing from the top oxide layer on
the surface of grey cast iron. An EDXS analysis
confirmed that the oxide on the surface of the grey cast
iron consists, chemically, of three different types of
oxides, i.e., whiskers and the outer oxide layer are pure
Fe-oxide, below it is a narrow layer of FeMn-oxide,
while the inner layer consists of Si-rich Fe(MnCr)
oxide. An X-ray diffraction pattern of the surface
covered with whiskers shows a higher Fe,0;/Fe;0,
peak-intensity ratio according to the X-ray diffraction
pattern of the surface without them. This indicates that
the whiskers are from hematite (Fe,O3). The results of
the thermodynamic calculations revealed that at 650 °C
only magnetite (Fe;O4) will be present if the po2 is
between 10-14 and 10-23 atm. If the po2 is higher than
10-14 atm hematite (Fe,O;) is expected to be formed.
For the proper oxidation (uniform growth of Fe;O4
oxide) of grey iron a better control of the partial
pressure of oxygen at a certain temperature is needed.
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Peterka, J., Kova¢, M., Beio, M., Zvoncan, M.

EFFECT OF CUTTING PARAMETERS ON DELAMINATION FACTOR IN ROTARY
ULTRASONIC MACHINING OF FIBERGLASS

Abstract:The article deals with influence of cutting parameters on delamination factor of fiberglass in rotary
ultrasonic machining. In machining of fiberglass the effect of delamination occurs. Delamination is negligible effect
in machining process, where the layers of fibers are damaged at the edge of material after machining process. The
aim of the experiment described in the article was to verify, if the rotary ultrasonic machining is suitable for
machining fiberglass and how does the technology and its parameters affects the delamination. Input parameters
are cutting speed, cutting fluid’s pressure and feed. Based on experiments, the delamination depends on feed and
cutting fluid’s pressure at the most. The values of delamination coefficient were from 1 to 2. The disadvantage of
rotary ultrasonic machining is the need of cutting fluid in the machining process. The cutting fluid damaged the
fiberglass, because of the saturation of fiberglass which raises the delamination factor.

Key words: ultrasonic machining, fiberglass, delamination

1. INTRODUCTION

Composites are materials created by at least two
different materials usually the matrix and fibers.
Composite materials can be machined as other standard
materials, however due to their structure there are some
limits. Because of the fibers are usually very hard in
comparison to the matrix, there is high tool wear is
conventional machining and also the delamination is
negligible effect. These negligible effects may be
reduced by optimizing cutting conditions and by using
covered carbide tools.

On the other hand there is possibility to use new,
nonconventional machining technologies to lower
delamination and tool wear. One of the machining
technologies, where the tool wear is at very low level is
rotary ultrasonic machining. Based on theoretical
knowledge, the vibrations of the tool help to reduce
burrs [1]. The burr origin is similar to the delamination
process; therefore there is a presumption that rotary
ultrasonic machining may help to reduce delamination
of fiberglass.

2. THEORETICAL BACKGROUND

Delamination is splitting of layers of composite
material, such as fiberglass. The delamination is
highest in drilling, where the feed of the tool is
perpendicular to the layer according to Figure 1. The
red lines in the figure are the layers of composite
material, the tool feed direction is figured with arrows.
As can be observed from the figure the last layers are
pulled off when the tool is coming through the material
called push down delamination. Beside low tool wear
rate, on the advantages of ultrasonic machining
presented in literature are lower cutting forces in
comparison to the conventional milling or drilling.
Therefore the pressure on layers of composite materials

should be lower, which provides lower delamination
[3]. Delamination in drilling is the ratio of maximum
delamination and tool diameter.

Fig. 1 Delamination in drilling [2]

The schematic model of delamination in drilling is
depicted in Figure 2a.The blue circle is the maximum
delamination, the red color is real shape of the
delamination and the yellow one is the tool diameter.

Fig. 2 Schematic model ofdelamination in
a) drilling b) miling

Thedelamination in millingisdepicted in Figure 2b.
thecolorschemeisthesame.
Thereisthediferenceoftoolfeedaccording to
thelayerbetweenmilling and drilling. Thereforetheeffect
on delaminationshooudbedifferentfordriling and
formilling.

Thecriticalforceofdelamination
Facanbecalculatedas:

= 8GicE(nhy)3
Fa= \’ 3(1-v2)
where: G,c is fracture toughness

E — Young modulus
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n — number of non-machined layers
h, — thickness of one layer,
V — pOisSons ratio.

The delamination is evaluated by a number which is
obtained from following equations. The value of
delamination factor for drilling is calculated as:

Fd =

Dmax
Dy
Where: Fjisthefactorofdelamination
Dpnaxisthe maximum delamination
Dyisthediameter ofthetool

And formillingas :
Wmax
F, =
7w
Where: Fjisthefactorofdelamination
Waxds the maximum delamination
W is the diameter of the tool

3. EXPERIMENTAL SETUP

Based on theoretical knowledge written herein
before an experiment was designed. The input variables
were cutting fluid’s pressure and feed. Rotations are
constant. The levels of input variable for driling are in
Tablel. Each experiment were performed three times.
Cutting conditions for milling are in Table 2.

Tablel Cutting conditions for driling.

4. EXPERIMENTS EVALUATION

The delamination was evaluated for drilling and
milling in the same way, using equations written herein
before. The principle of evaluation is in the next for the
first cutting conditions in drilling. Results from other
experiments are summed in the next without the
calculation.

Cutting conditions for the first drilling experiment:
rotations = 2000 ot.min™',
feed = 150 m.min™',
material “s thickness = 3 mm,
cutting fluid’s pressure = 10 bar
Measured values of delamination D,,,.are in Table 4.

Run 0 D, @ Dypax (mm) | Delamination
(mm) factor
1 8 16,897 2,112
2 8 16,963 2,120
3 8 15,693 1,962

Table4. Max. delamination and delamination factor.

Delamination factor calculation:
Dipax 16,897 mm

Far = e ——=2,112
Fy = D]’)“:" - 15’86me ~ 1,962
Total delamination factor:

6,194

Fapi-1 = (Fa1 + Fgp + Fy3)/3 =

= 2,065

Values of delamination factor in drilling according
to cutting conditions are in the Table5.The results of
delamination for miling are in the Table 6.

Feed Cutting fluid’s | Rotations
pressure
50,100, 150 5, 10 bars. 2000 min™".
mm/min
Table2 Cutting conditions for milling.

Feed Cutting Rotations
fluid’s
pressure

500,1000, 2000mm/min | 5, 10 bars. 71000 min’

The delamination factor was evaluated in drilling
and milling using rotary ultrasonic machine tool DMG
Sauer Ultrasonic 20 linear with diamond tools. For
driling the Schott HB-Da.8-0,6-8-35-D107H was used
and for milling Schott F-Da.8-1,5-6-20-MES-D107H.
Both tools are coated with diamond grains using metal
binding with diameter of 8 mm and the grit size 107
pwm.

The material of workpiece is fiberglass, mechanical
properties are in Table 3.

Table 3. Mechanical properties of workpiece

Young | Tensile | Yield | Hardness | Fracture
modulus | strength | stregth toughness
20 GPa | 180 150 15HV 12

MPa | MPa MPa.m"?
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Rotations | Feed Cutting Delamination

[min™] [mm/min] | fluid’s factor
pressure | [-]
[MPa]

2000 150 10 2,065

2000 100 10 1,995

2000 50 10 2,056

2000 150 5 2,159

2000 100 5 1,891

2000 50 5 1,610

Table 5. Delamination factor in drilling

Rotations | Feed Cutting Delamination

[min™"] [mm/min] | fluid’s factor
pressure [-]
[MPa]

4000 2000 10 1,263

4000 1000 10 1,557

4000 500 10 1,237

4000 2000 5 -

4000 1000 5 1,973

4000 500 5 1,599

Table 6. Delamination factor in milling



From measured values it is clear, that the
delamination is higher with higher cutting fluid’s
pressure and with higher feed for drilling. The
graphical interpretation of results from drilling is in Fig
3.

2.
> 205  1gop99s o °2.065
2
1.5 A
1 - mp=4,7bar
0.5 - mp =10 bar
0 -
F=50 F=100  F=150
m/min m/min m/min

Fig. 3 Delamination in drilling.

i)
Fig. 4 Delamination in drilling, magnification 25 x

The photograph of delamination is in the figure
Fig.4. Cutting conditions for each hole are as
following:

a) F=150 m/min , P = 4,7 bar,
b) F =150 m/min, P =4,7 bar,
¢) F=100 m/min , P =4,7 bar,
d) F =100 m/min, P =4,7 bar,
e) F =50 m/min , P =4,7 bar,
f) F =50 m/min , P = 4,7 bar,
g) F =50 m/min, P = 10 bar,
h) F =50 m/min , P = 10 bar,
i) F =100 m/min , P = 10 bar,
j) F=100 m/min , P = 10 bar,
k) F =150 m/min , P = 10 bar,
1) F =150 m/min , P = 10 bar.

The lowest value of delamination is visible in Fig.
4f and 4g which stands for low level of feed, but both
high and low level of cutting fluid’s pressure.

The same observation was performed for milling
experiment, Fig.5. The cutting conditions according to
the figure are as following:

a) F =2000 m/min, P = 10 bar,

b) F =500 m/min, P = 10 bar,
¢) F=1000 m/min, P = 10 bar,
d) F = 1000 m/min, P = 4,7 bar,
¢) F =500 m/min, P =4,7 bar.

e)
Fig. 4 Delamination in milling, magnification 25 x

It can be concluded that the lowest level of
delamination was earned for lowest level of feed,
however the difference is not so high as or drilling,
which is caused by the different kinematics of
processes and the relation between feed direction,
ultrasonic vibrations direction and fibers direction in
the material.

The tool wear was also observed as can be seen in
Fig.6. On the left figure is new tool, on the right the
one after experiments. The scratches from fibers in
binding are clearly visible, as well as diamond grains.
The surface of the tool after the process is full of the
matrix material from the fiberglass because the
temperature in machining process was higher than the
melting point of the material. This is negligible effect
which leads also into higher tool wear; the tool has to
be cleared respectively.

Fig. 6 Tool wear in rotary ultrasonic fiberglass
machining, magnification 200x
a. new tool, b, used tool
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5. CONCLUSION

In submitted article the delamination in composite
materials is explained. Since it is a serious problem,
more techniques for its reduction were proposed in
literature. The one possibility of delamination lowering
is using non-conventional machining technology such
as rotary ultrasonic machining. A set of experiments
were performed using ultrasonic machine tool in order
to verify the presumption that vibrations may reduce
the delamination factor both for drilling and milling.
The influence of machining variables was evaluated in
the next. Based on experiments following conclusion
can be stated. The delamination factor is affected both
by feed and cutting fluid’s pressure. In the first
experiment the holes were created by diamond drill
with vibrations frequency of 21300 Hz, rotations of
2000 min, and three levels of feed and cutting fluid’s
pressure. The lowest level of delamination was
measured for the lowest level of feed 50 mm/min and
low level of pressure 5 bar. Very similar value of
delamination was also observed for the combination of
low feed and high cutting fluid’s pressure. According
to that can be assumed, that the level of cutting fluid’s
pressure has no significant effect on delamination in
drilling. On the other hand the effect of feed was
significant and the relation of delamination factor on
feed is quasi linear. That means for lower delamination
the lower feed is suitable, which confirms the
presumption. In general can be said, the cutting fluid
has negligible effect on delamination, because of the
destruction of layers. The matrix of fiberglass is
absorptive. During the machining process the material
absorb cutting fluid and damage the edge of machined
hole. However it is not possible to machine without
cutting fluid, because the temperature raising in the
place of cut is higher than the melting point of the
material’s matrix which causes melting of the matrix,
pulling off of the fibers and filling the tool with the
melted matrix material.

The results from milling experiments are as
following. The delamination in general was lower than
in drilling, however the negligible effect of cutting
fluid was not so high, what more the higher cutting
fluid’s pressure helps to reduce the delamination under
cutting condition F 500 mm/min and 2000 mm/min.
The higher delamination was observed for pressure 5
bar than for the pressure 10 bar. This effect can be
explained by different kinematics of these two
processes. In milling the direction of feed in not
perpendicular to the direction of fibers in layers and
therefore the pressure of the tool is not so high on the
last layers. The higher pressure helps to reduce the
delamination because its direction is perpendicular and
in fact it cuts off the last layer which is better for
delamination.

It can be concluded that rotary ultrasonic machining
with diamond tool is suitable for fiberglass machining,
however the need of cutting fluid decrease the
advantage of the machining process. As was already
mentioned the cutting fluid damage the material and
machining without it causes melting of the material and
filing the tool. Therefore the disadvantages exceed the
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benefits of the technology. The solution may be
ultrasonic machining with standard tool with cutting
edge with defined geometry, which is the topic for next
research.
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DESIGN OF DEVICE FOR HIGH-PRODUCTIVE CUTTING OF THREADS

Abstract: The aim of the paper is developing of technology that enables a high-productive thread cutting (with a
high speed and a small chip diameter) at the classic lathe machine using a device — motor unit.

The paper shows the solution of design of device for eccentric cutting of threads on a universal lathe machine, and
an experimental study of cutting forces depending on the chip diameter for titanium alloy.

All researches have been done in a laboratory conditions at the Laboratory for Machining with Cutting and
Machine Tools at Faculty of Mechanical Engineering and Computing, and the model and design solution have been

created in software package SolidWorks®.

Key words: production of threads, eccentric cutting of threads, cutting forces, chip diameter, cutting speed, cutting

time.

1. INTRODUCTION

The demands for higher productivity of thread
cutting in comparison with productivity realized with
lathe tool are given by market conditions. A fulfilment
of those demands could be done by using of developed
device, which enables an additional movement of tool —
head with lathe tools and thread cutting with increased
machining speed, improved quality and reduced cutting
time. In this paper, a view of method, machining
schemes, a kinematics of a process, as well as an
experimental study of cutting forces depending on the
chip diameter for titanium alloy are presented.
Machining with cutting in an area defined with small
chip diameter and increased cutting speeds is realized.
It is clearly shown that using of this device results in
higher technical and technological level of a lathe.

2. ECCENTRIC CUTTING OF THREADS ON
THE LATHE MACHINE

The production of the thread with device shown on
Fig. 1 represents a new method for production of
threads with higher speed of cutting and, in same time,
with higher productivity compared with classical
methods (production of thread with lathe tool using the
leading spindle of lathe machine. Project represents the
whole device (aggregate) which is placed in front
porter of lathe machine.

The head with lathe tools produces the main
rotation with a high speed (v = 140 - 500 m/min)
moved by electric engine with simultaneous low
longitudinal mowing together with porter of lathe,
while work piece placed in clamp head of main spindle
making slow miscellaneous rotation. The porter of the
head with lathe tools is placed like special device on
the porter of the lathe machine and in that way
produces longitudinal mowing. This longitudinal
mowing has to be harmonized with rotation of working
part so for one rotation of work piece, head moves
longitudinal for one thread feed.

n o

Rimav? Jis

4

Fig. 1. Scheme of mowing (1 - electric engine, 2 - belt,
3 - dead centres, 4 - bearing, 5 - cutting head) [1]

The principle of thread production with eccentric
cutting, (ger: Gewindewirbeln, rus: Vihrevoje) consists
of placing of the lathe tool for cutting of thread (Figure
2.) into special head whose axis is inclined toward the
axis of the work piece for angle of thread ¢ .

A

Fig. 2. Principal of eccentric cutting of thread [1]
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3. KINEMATICS OF ECCENTRIC CUTTING

Eccentric cutting of threads is basically process of
production of threads by milling. During the
production, teeth of milling tool are replaced with
turning tools. They are placed in device — head for
cutting. External cutting of threads is produced with
two different ways; depending on placement of work
piece and head of cutting: the work piece is into head
(more often — Figure 3.) and work piece is out of head.

CENTRE OF WORKING
OBJECT ROTATION

CENTRE OF CUTTING
HEAD ROTATION

TRAJECTORY
OF BLADE'S TOP

Fig. 3. Kinematics of external eccentric cutting

Next figure represent chip look.

max|

B

l

max

Fig. 4. Chip in eccentric cutting

3.1. Selection of processing parameters
Processing parameters in eccentric cutting of
threads are:
e cutting speed (edge speed of head) vy,
e edge speed of work part vy,
o feed rate (same as thread feed) s.

From Fig. 5., the following parameters are defined as:
d, — work piece diameter (main diameter of thread)
[mm]

d; — internal diameter of thread [mm]

D, — diameter of head of cutting [mm]

e — eccentricity (distance between axis of work piece
and axis of head) [mm]

s, — length of arc on work piece cut by one lathe tool
[mm]

z — number of lathe tools in head

n, — number of rotation of work piece [min™]

ng — number of rotation of head [min™]

According to [1] the relation is Dy/d, = 1,4 — 1,6.

Speed of head vq is 140 m/min - 500 m/min which
depends on material of work piece, material of lathe
tools, dimension and profile of thread and on coolant

device.
D n_ -
v =3 e T Mg
9 1000 | min

v, =140-500 [m/min]
_ 1000 Vg [min —l]

n )
o 7D,
Length of arc s, is defined by equation:
7-d_ -n
s, =——"—L[mm] )
Z- ng

and it's value is in interval of 0,4 — 1,2 mm which
depends on characteristics of material of work piece
according to table 1. [1]

Tensile

strength of _ _ _ B
material Rn=550 | Ry=650 | Rn,=750 | R,=850
[N/mm?]
s, [mm] | 1.0-1.2 0.8-1.0 | 0.6-0.8 | 0.4-0.6

Fig. 5. Geometric relation in eccentric cutting
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Table 1. Length of arc cut by one tool

From equation (3) it is following:
S -n

n, = ;dz [min™] (4)

.d.-n
v, =7 " % [m/min] ©)
1000
Feed rate "s" is equal to feed of thread.
The main machining time is calculated according to
equation:

L .
t, =——[min] 6)
n -s
P

where are:

L — the effective length of thread enlarged for empty
cut

s — feed of thread

n, — number of rotations of work piece




4. DESIGN OF DEVICE FOR ECCENTRIC
CUTTING OF THREADS ON LATHE

This paper shows (Fig. 6.) model of device which
have been created in software package SolidWorks.
This device is designed for threads with main diameter
up to 65 mm. It has been designed two possible number
of rotation of head due to design of belt wheels. The
four lathe tools are used in this device.

g
Fig. 6. Model of device [2]

The way of setting a device to lathe machine is
shown on Fig. 7.

Fig. 7. Scheme of the setting a device to lathe machine

Design of this device is limited to characteristic of a
lathe machine i.e. dead centres height. This device is
designed for universal lathe machine TNP-200
(Prvomajska Zagreb).

The maintenance of this device is very simple due
to its design which is simple, functional and cheap. All
connection are separable (thread connection) and
therefore it is simple to replace all part of device. The
lubrication of the bearings are provided and it is
recommended to use lubricants LITMA-1, LITMA-2 or
LITMA-3™.

5. RESEARCH OF CUTTING FORCES IN
DEPENDENCE OF CHIP INTERSECTION IN
PROCESS OF THREADS CUTTING

The further researches will be focused on making of
prototype of device. For that reason it is necessary to
perform of research of cutting forces in dependences of
chip intersection. This device will be used mainly in
thread cutting in titanium alloy UT-AGV.

For this research, the factorial experimental plan 2°
has been used. All experiments has been performed on
universal lathe machine TNP-200 (Fig. 8.) and with
standard lathe tools for threads cutting (Fig. 9.).

Fig. 8. Universal lathe mache TMP-OO

Pive —

1]

Fig. 9. Standard lathe tool for threads cutting
The dynamometer KIAG Swiss type 9257 (Kistler

Instrumente AG - Fig. 10), camera and software
package has been used as a measuring equipment.
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Fig.'9. Dynamometer

Input parameters are length (1) and diameter (a) of chip.
Output parameters are three components of cutting
force: main force Fy, force of penetration F, and force
of auxiliary mowing F. In this paper, only the results
for main force are presented.

5.1. Results of testing [2]

No. of experiment Input parameters Results
Stand. | Performing | Lenght | Diameter Main
No. No. | a force
[mm] [mm] F1[N]

1 8 0,400 0,120 187

2 7 1,417 0,120 434

3 5 0,400 0,290 313

4 1 1,417 0,290 783

5 4 0,909 0,205 373

6 3 0,909 0,205 373

7 2 0,909 0,205 373

8 6 0,909 0,205 373

Table 2. Results of testing

According to results of testing, regression analyze
has been done by using of software package Design
Expert 8.0.1. In that way we got the mathematic model
for main force depending on intersection of chip
(length and diametre).

ANOVA
Sum of Mean F- P
Source Squares D Square Value Value
f Prob>F

Model 1,849x10° 2 9246425 24,64 0,0026
A-lenghtl  1,285x10° 1  1,285x10° 34,25 0,0021
B-diamet.a  56406,25 1  56406,25 15,03 0,0117
Residual 18760,38 5 3752,08
Lack of Fit ~ 18760,38 2 9380,19
Pure Error 0,00 3 0,00
Cor Total 2,037x10° 7
Regresion Statistic
Std. Dev. 61,25 R-Squared 0,9079
Mean 401,13 Adj. R-Squared 0,8711
CV.% 15,27 Pred. R-Squared 0,4352
PRESS 1,150x10° Adeq. Precision 15.889

Cofficient Standard  95%CI  95%CI

Factor Estimate D Error Low High
f

Intercept 401,13 1 2166 34545 456,80
A-length | 179,25 1 3063 100,52 257,98
B-diamet.a 118,75 1 30,63 40,02 197,48

Table 3. Regression analyze of results of testing
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The model of main force F; in coding form is:
F, =401,13+179,25- A+118,75- B[N] @)

De-coding model of main force F; is:

F, =—-205,52501+352,50737 -1 +1397,05882 - a[ N ]

Fig.10. The influence of chip on main cutting force
6. CONCLUSION

In regard to shown in paper, it can be concluded:

e by using of device for eccentric cutting of threads,
the threads can be produced with a high quality
with increasing of cutting speed and reducing of
cutting time,

e the eccentric cutting reduces the cutting time up
to 90% in comparison with classic method of
producing threads on lathe and it is high-
productive methods,

e the cutting force in production of threads mostly
depends on dimension of chip so the method of
eccentric cutting is favourable because the chip
intersection and length are very small.
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THE PHENOMENA OF GRANITE MICRO - CUTTING PROCESS

Abstract: The paper shows the results of investigations performed in the brittle materials micro-cutting at the
Faculty of Mechanical Engineering, Belgrade University. The interactions between a single diamond grain and the
machined granite are analyzed. The change in the normal cutting force as a function of grain penetration speed and
depth was experimentally established in micro-cutting of two types of granite originating from Serbia. Based on the
grain traces on granite and the generated cracks, the critical grain penetration depth for the formation of brittle
fracturing was established. The experiments are intended to assist in the optimization of the grinding and polishing

processes as technologies dominant in the granite finishing.

Key words: granite, cracks, diamond grains, chip, cutting force

1. INTRODUCTION

Many technological operations involve two or more
contacting bodies sliding relative to one another. A
series of damage mechanisms may occur in these
situations, for instance, fretting fatigues and wear.
Incommensurable economic losses can be ascribed to
these phenomena. In a totally different context,
scratching and cutting represent  fundamental
manufacturing processes, as is the case of precious and
ornamental stone cutting. Therefore, the mechanics of
these processes has been an important object of
research for many years.

The specificity of surface finish technology demands a
good knowledge of all the granite’s characteristics

including its structural-textural (continuum,
homogeneity, and isotropy), physical-mechanical
(specific  gravity, porosity, moisture,  water-

permeability, hardness, toughness, and abrasiveness)
and mineralogical-petrography (grain size, type and
content of colored components, etc) properties.

2. OVERVIEW OF CHIP FORMATION
MECHANISMS

A large number of researchers dealing with the
development of model for deformation and fracturing
regarded the cutting action of a diamond grain in the
grinding wheel as being identical to the indentation
effects caused by a diamond indenter during hardness
measurements. Considering the investigations on brittle
materials, they go into two directions: by how the force
acts during the indentation (dynamic and static) and by
the shape of the indenter.

Inasaki [1] and Brook [2] tested the penetration of an
oval-tip indenter into brittle and ductile materials.
Depending on the radius of the oval-tip and the load on
the indenter, the stress zone was defined, so that the
transition from brittleness to elasticity was observable.
As the radius of the tip increases, the stress-
deformation state exceeds a certain critical level in the
zone and adjoins the circular contact zone. Two
principal crack systems emanate from the plastic zone:
median/radial and lateral cracks. Median/radial cracks

are usually associated with strength degradation, and
lateral cracks with material removal. While this
approach was originally developed for static normal
loading, it has also been extended to include the effect
of a tangential load. The annular crack grows, and its
propagation is always cone-shaped, Fig. 1 (upper part).

Material

Britle Plastic
Condition
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o4 ' -“
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A .

Fig. 1 — Deformation and crack formation model during
indentation (1 = elastic deformation, 2 = plastic
deformation, and 3 = crack formation; R-median/radial;
L-lateral) [1,2]

Lawn and Wilshaw [3] think that fracture patterns in
brittle materials, under blunt indenters, usually start as
ring surface cracks immediately outside the contact
area. By increasing the normal load, these surface
cracks evolve into the so-called Hertzian cone cracks
(Fig.2).

Anton and Subhash [4], unlike the traditional static
indentation models, which cannot capture the strain rate
effects, consider that the current dynamic indentation
experiments can provide a more realistic representation
of the influence of loading rate on the material removal
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mechanisms during a dynamic process.

Lawn and Swaine [5] investigated indentation with a
sharp indenter (cone and pyramid) and found that an
embedded penny-shaped crack is increased, its
propagation reaches the surface and the penny cracks
evolve into the half-penny configuration.

-——— -

Fig. 2 — Indentation fracture in brittle materials:
transition from splitting penny-shaped cracks to
median-vent cracks under sharp indenters

Conway and Kirchner [6] analyzed the mechanics of
crack initiation and propagation beneath a moving
sharp indenter. A fracture mechanics solution for a
single embedded penny-shaped crack was used to
predict the propagation depth of pre-existing defects.
The second group of researchers, though to a lesser
extent, performed the cutting process in a variety of
brittle materials by a single diamond grain.
Mishnaevsky [7] performed the real cutting process in
brittle  materials, observing different physical
mechanisms  involved in  material  destruction
(deformation, crushing, cracking and spalling). He
considers that neither Hertzian cone cracks nor
circumferential cracks are formed. Instead, penny-
shaped cracks in the cutting force vector direction are
formed.

Chiaia [8] provides a system analysis for the current
approaches to the issues of micro-cutting processes in
brittle and quasi-brittle materials. It was shown that
various interaction mechanisms beneath the tools
during the penetration process are essentially reduced
to plastic deformation and brittle fracturing.

The third group of researchers studied the crack
formation and development in brittle materials.

Labuz et al. [9] analyzed crack propagation in rock and
inferred that it is characterized by microcracking
around the crack tip covering the fracture process zone
and together with the fracture free length defines the
effective crack length.

Germanovich et al. [10] carried out a series of triaxial
compression tests of sandstone loaded to different
stress levels, i.e. 100%, 80% and 50% of the
corresponding compressive strength and then examined
the tested specimens microscopically. On the basis of
test results, a mechanism was proposed for the
transition from microcrack proliferation to the
formation of the main structure.

Abe et al. [11] investigated the formation and
proliferation of cracks in the granite and their effects on
the fracture process zone.

The fourth group of researchers performed the real
cutting processes, such as circular sawing and grinding,
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in brittle materials and analyzed the crack propagation
and chip brittle fracturing mechanisms. They measured
the cutting forces, the cutting strength and tool wear in
ceramics and granite machining with the aim to
recommend the efficient abrasive machining [11-17].

3. MICRO-CUTTING EXPERIMENTAL
SCHEMES

In the current work to establish the micro-cutting
characteristics in granite grinding, experiments with
single diamond grains were performed. The
experiments were aimed at identifying the phenomena
associated with the diamond grain-granite interactions
to determine the magnitude of the resulting cutting
force and chip formation mechanisms along the grain’s
trajectory. In actual grinding there are multiple grain
trajectories and mutual interactions. Micro-cutting was
performed according to the scheme shown in Fig. 3.

A diamond indenter grain with a 1200 tip angle and a
0.1 mm tip radius, was placed and rigidly fastened to an
aluminum disc 150 mm in diameter that was statically
and dynamically  balanced. On a cutting-table of a
HMC 500 machine, a dynamometer was mounted with
a fixture for clamping the marble specimen .The
fixture enabled the rotation of the granite specimen
under an inclination ( 1:200 ) relative to the axial
motion of the cutting grain, thereby achieving varying
depth cutting through rotation of the grain disk (Vs)
and axial shifting of the platform with the granite and
dynamometer(Vw).

-~ Disk
Vw

Diamond
gram
3
£
©

Dinamometer

Work table

Fig. 3 — Micro-cutting with a diamond grain with a
rotary and axial motion

4. RESULTS AND DISCUSSION

The micro-cutting process was performed on two types
of granite: fine-grained “Josanica” (GJ) and medium-
grained “Bukovik (GB), whose physical-chemical
properties were examined and presented in Tab. 1.

The values of the listed properties are mean values
obtained from a larger number of measurements,
depending on the petrography nature of granite. The
micro-hardness measurements indicate that GB had
more uniform however lower hardness compared to GJ.
Experiments were carried out using the following
measuring instruments: a two-component dynamometer
(Kistller 5007), a data acquisition card + 10V 105kHz,
a computer, a microscope (Leitz wetzlar) with a Sony



video camera.

Granite
. Josanica GJ| Bukovik
Properties GB
(VB) (PT)
Specific gravity, KN/m3 297003 | 25.6+0.1
Micro-hardness , HK75/HK25 31 2.6
Compressive strength , Mpa 185+ 20 102+8
Ultimate strength , Mpa 1661 1502
Cohesion , MPa 31.8 22.0
Abrasion coefficient , % 21.5-23.0 | 23.5-245

Table 1. Granite physical — mechanical properties

Fig. 4 shows diagrams of changes in the normal cutting
force (resistance) as a function of grain penetration
depth at speeds of Vs = 7.85 — 11.1 — 15.7 — 22 m/s.
The non-linearity in the change of Fn is the
consequence of the granite’s non-uniformity. Also, as
the grain penetration depth increases, the cutting force
increases. It can be stated that at places where the force
decreases this is the result of a soft phase presence in
the granite.

(a) Schema1
—y—2Za V=7,85 mis —f—Za V=11,1 m/s
e 72 V=15,7 mis —Z 2 V=22m/s
— 40,00

Normal force Fn [N
=
8

000 002 0M 006 008 040 012 014
Depth a [mm]

(b) Schema1
—p—2Za V=7,85 mis —t—Za V=11,1 m/s
—i—7Za V=15,7 m/s ——7Za V=22m/s
z 30,00
= 2500
'S 20001
(%)
2 15001
= 10,001
£
5 5001
Z 000

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14
Depth a [mm]

Fig. 4 — Change of the normal force as a function of
grain penetration depth in micro-cutting:

(a) GJ granite and (b) GB granite

The analysis of the traces from the micro-cutting
experiments on the two granites can provide the
description of the chip formation mechanism.

@) At smaller cutting depths, ahead of the
diamond grain, in the fracturing core region, there
occur plastic deformations followed by median and
lateral cracks.

(b) As cutting depth increases the mentioned

cracks increase, so that lateral cracks reach the surface
of the machined work-piece and radial cracks occur. At
some instant those cracks become interconnected,
which is followed by granite grains chipping, crushing
and detachment, causing the non-uniform chipping
along the diamond grain’s trajectory, Fig.5.
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Trace of the diamond gf‘ai‘n’ :

SEM HV: 20 kV WD: 9.66 mm MIRA3 TESCAN

| SEMMAG: 1.22 kx | View field: 178 ym 50 pm

Fig. 5 — Occurrences on the GJ granite micro-cutting,
scheme 1 (a=0.05 mm, Vs = 7.85 m/s, x125)

(c) Cracks remain under the machined surfaces
that originate not only from the chip formation process
but also from the pores that exist in the granite. These
cracks can exert a critical influence on the workpiece’s
strength. Therefore, crack formation due to processing
should be minimized, to maintain fracture-induced
detachment of the processed material at the lowest
volume.

(d) In granite micro-cutting initial ductile flow
progressively changes to brittle fracture after the
critical depth of cut is reached. Each trace created in
the granite by micro-cutting was analyzed. The
mechanism of granite machining is manifested through
brittle fracture and plastic deformations. Brittle fracture
indicates that there are two mechanisms of crack
propagation: median cracks are usually associated with
strength degradation, and lateral/radial cracks with chip
formation.

In granite micro-cutting two regions are evident. They
can be defined by the grain penetration depth (critical
depth) that restricts the region of plastic deformation
followed by crack formation from the region of
fracture-induced detachment of the machined material.
The critical depth can be used as one of the criteria for
the optimization of the grinding process.

The GB granite has smaller hardness compared to the
GJ granite, so in micro-cutting, at equal penetration
depths, the radial cracks are less pronounced in the GB
granite for both micro-cutting schemes. The analysis of
the grain traces on the granites shows a more
pronounced chipping in the GB granite as the result of
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a greater coarse-grained structure and a greater grain
detachment.

The measurements established the critical grain
penetration depth of 0.020 mm for GJ (Vs = 7.85 m/s)
and that the critical depth declines to 0.015 mm as the
speed increases to 15.7 m/s. The lengths of the radial
cracks at the critical depth are 0.35 and 0.30 mm for the
range of penetration speeds given above.

Under identical penetration conditions, , the critical
depth in GB is slightly greater and ranges from 0.022
mm (Vs = 7.85 m/s) to 0.018 mm (Vs = 15.7 mm),
while the lengths of radial cracks are 0.28 and 0.23
mm.

5. CONCLUSION

The development and application of new diamond tools
for granite processing necessitates the understanding of
physics of the processes that take place at the point of
interaction between the diamond grain and work-piece.
Cutting experiments provided the establishment of the
critical grain penetration depth, thereby granite
processing and the change in the normal component of
cutting resistance as a function of speed and grain
penetration depth.

Beneath the machined surface there remain cracks
created not only in the granite formation process but
also in the machining process, so their influence on the
body strength can be considerable. This is an indication
that it should be tended to as small processing-induced
cracks as possible because the detached fractures of the
processed material will be smaller in volume and the
corresponding quality of the machined surface lower
respectively. Comparisons of the micro-cutting traces
in GJ and GB granites revealed that fine-grained types
are more suitable for machining, because the
occurrence of grain chipping and detachment is less
pronounced than in coarse-grained structures.

The lengths of the radial cracks in GJ granite, range
from 0.30 to 0.35 mm, while for GB from 0.23 to 0.28
mm. The critical grain penetration depth in GB is
greater compared to GJ, which is explained by a greater
presence of the soft phase and smaller hardness.

When the micro-cutting forces are compared, it is
inferred that at equal depths and cutting speeds the
cutting force is higher by 40% in GJ compared to GB,
which is explained by greater hardness.
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IDENTIFICATION OF CONTACT PARAMETERS OF SPINDLE-HOLDER-TOOL
ASSEMBLY USING ARTIFICIAL NEURAL NETWORKS

Abstract: The most important requirements of spindle assembly exploitation are parameters of dynamic behavior.
This paper explores the use of artificial neural networks in predicting the contact parameters of machine tool
spindle — holder — tool assembly. Based on error analysis it was concluded that artificial neural networks, if they
used in a systematic way, which includes detailed data preparation and application of optimization techniques to
train the network, can be successfully applied in predicting different mechanical properties of the mechanical
system , such as the contact parameters spindle—holder—tool assembly.

Key words: neural networks, prediction, contact parameters

1. INTRODUCTION

Most of the research of machine tools, are related to
spindle-holder-tool assembly, since its characteristics,
such as static and dynamic behavior, power, speed, the
types of bearings, among many others, have a decisive
impact on machine tools performance. Dynamic
instability is one of the major disturbance factors,
which influences the quality and productivity of
machine tools. In order to avoid self-excited vibration
of machine tools during the cutting process, Tlusty [1]
proposed a stability lobe diagram, obtained on the basis
of the tool point frequency response function (FRF) of
the assembly. Common way of obtaining tool point
FRF is performing experimental modal analysis.
However, any change in the spindle—holder—tool
assembly, such as tool and/or tool holder changes,
requires a new test, since the system dynamic is
change. Therefore, the use of experimental modal
analysis is not always very practical, since it requires a
lot of time, because the measurements must be
performed for each combination of the spindle—holder—
tool assembly. In order to minimize experimentation,
the receptance coupling theory of structural dynamics
can be used for modelling the spindle-holder—tool
dynamics [2-5]. On the other hand, in order to obtain
the tool point FRF of an assembly with analytical
methods, contact parameters should be known
accurately. Therefore, fast and accurate identification
of contact parameters in spindle—holder—tool assembly
is crucial. Since neural networks are a burgeoning area
of artificial intelligence and are applied in many
engineering applications, the aim of the present study is
to investigate the possibility of their application in
prediction of the contact parameters of spindle-holder—
tool assembly.

2. IDENTIFICATION OF CONTACT
PARAMETERS

Components of the spindle-holder—tool assembly
should be coupled elastically due to flexibility and
damping introduced by contacts at spindle—holder and

holder—tool interfaces. Furthermore, we have applied
the approach [2, 3], where part of the holder inside the
spindle is considered as integrated to the spindle,
because this approach provides a more realistic model,
because only the dynamics due to the masses of these
subsystems will be included into the model or it will be
required to include their stiffness effects with
distributed springs. Similarly, the part of the tool inside
the holder is considered rigidly joined to the holder, so
the receptance matrix of the tool can be coupled with
the rest of the system, as depicted in Figure 1.

a)

Spindle

Spindle + holder + tool

Fig. 1. Elastic coupling of the spindle-holder system
(a) and elastic coupling of the spindle—holder—
tool system (b)

Assuming that response matrices of the subsystem S
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(spindle with bearings) and subsystem H (holder) are
known, then it is possible by using a method of
receptive coupling, to obtain the global system
response matrix SH (spindle—holder) at the holder tip:

SHii = Hii _Hic ’ (Hcv + Svc + SIII<71 )71 ' Hci (1)

Complex stiffness matrix, which representing the
spindle-holder interface dynamics has the following
form:

k+i-o- g 0
SHK — SH ™t 0 SH ™t

sk, +i-0- gc, @
where: gk, — translational stiffness, gyc, — translational
damping, gyk, — rotational stiffness and gyc, — rotational
damping at the spindle — holder interface.

Receptance matrix of the global system SHT
(spindle—holder—tool) at the tool tip has the following
form:

SH’I‘” = ’I‘ii _’I‘ic '(Tw + SHcv + IITI(71 )71 ’ Tei (3)

In the equation above, T is a subsystem of a tool
and ;7K is the complex stiffness of holder—tool
interface dynamics:

wrk, +i-o- yrc, 0 @
0 wrk, +i-@- e,
where: g7k, — translational stiffness, y7c, — translational
damping, y7k, — rotational stiffness and ;7¢, — rotational
damping at the holder — tool interface.

In order to be able to use equation (3) to predict the
frequency response function of the tool tip, we need to
know translational and rotational dynamic response for
each of the components of the spindle - holder — tool
assembly. Response matrix of the tool and holder can
be obtained by an analytical method, using some of the
beam theories or through the FEM analysis. Defining
spindle response poses a problem because data
regarding dimensions, material, the manner of bearing,
the number, and type of bearings are unknown so their
modeling is critical and therefore we use experimental
method to obtain spindle FRF. The spindle—holder—
tool assembly shown in Figure 2 is suspended to obtain
free-free end conditions for performing an impact test.

K_

HT -

Fig. 2. Measuring chain for the identification of
dynamic behavior of the spindle—tool holder—
tool system
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In order to provide sufficient data for learning
neural networks 178 measurements was made with
different  combinations of  spindle-holder—tool
assembly. Since contact parameters depend on tool
diameter (D) and overhang length of the tool (L), in
experimental tests theese two parameters are varied (D
=9 + 30 mm and L = 16 + 83 mm). After that, the
contact parameters of spindle—holder—tool assembly are
identified using the methodology presented in [5]. The
results are used to train neural network which can be
used for prediction of contact parameters of spindle—
holder—tool assembly for different cases.

3. THE DESIGN OF NEURAL NETWORK AND
RESULTS

The Matlab's Neural Network Toolbox was used as
a tool for the design, implementation, and simulation of
neural networks. Backpropagation method of teaching
artificial neural networks was used. It is supervised
learning technique which is most useful for feed-
forward networks. In order to avoid overfitting or for
improving generalization, early stopping technique was
applied. Levenberg-Marquardt algorithm was used to
train the networks faster, where: initial value of the
Marquardts parameter is 0.001, reduction factor of the
Marquardts parameter is 0.1 and increase factor of the
Marquardts parameter is 10. Neural network learning is
stopped when the value of the Marquardts parameter
rises above the threshold that is set to 10'°. Bipolar
sigmoidal function in hidden layer and linear function
in output layer are selected as activation functions.
Limit level of the learning accuracy is set with
normalized root mean square error NRMSE = 0.05.

The identified data, relating to the translational and
rotational stiffness of spindle—holder—tool assembly for
different combinations of tools, are divided into three
sets: the learning set, the validation set and the test set.
In the present case a feedforward neural network model
was used, consisting of three layers: the input layer, the
hidden layer and the output layer. In order to test how
well neural network adapt to the input-output pairs of
data, or how well the network based on the given input
values provides output parameters, in all three data sets
errors were analyzed using the following parameters:
correlation coefficient, normalized root mean square
error and mean relative error. Network optimization is
performed over the number of neurons in the hidden
layer, while the number of neurons in the input and
output layers correspond to the number of input and
output variable, respectively, and can not be changed.
The most favorable number of neurons in the hidden
layer was determined by monitoring of errors in the
validation set and the test set. The initial values of
weights are determined by the Nguyen-Widrow
algorithm. Whenever the number of neurons and the
slope of activation function in hidden layer are
changed, the same initial values of weights are set,
whereas before each learning of neural network these
values ere reloaded.

According to the above described procedure, first is
established neural network for prediction of
translational stiffness of the spindle-holder—tool



assembly. The input variables for neural network are
tool diameters and overhang length of the tools, while
the output variable is the translational stiffness at the
holder—tool interface. As the best combination, which
gives a minimum value of the normalized root mean
square error of 0.0585, mean relative error of 3.45%,
the highest correlation coefficient value of 0.99828 and
determination coefficient value of 0.99656, was chosen
network structure with 20 neurons in the hidden layer
and with slope of activation function o = 2.

Figure 3 shows the correlation between predicted
and measured values of translational stiffness at the
holder—tool interface in the test set, with its direction of
regression, linear correlation coefficient, and drawn
towards full correlation (R = 1). The correlation
coefficient of test set is R > 0.9, so it can be concluded
that is obtained very good correlation between
measured an predicted values.

w0’ Outputs vs. Targets, R=0.99628

©  Data Points
Best Linear Fit
T

Fig. 3. The correlation between predicted and measured
translational stiffness of the test set

By comparison of measured and predicted values
of translational stiffness at the holder—tool interface
from the test set, it was observed that the maximum
relative error of 7.81% is obtained for the tool with a
diameter D = 13 mm and overhang length L = 39 mm.
Furthermore, the mean relative error in the test set,
which consist twenty different combinations of the
spindle-holder—tool assembly, is 3.45%, while the
standard deviation is 2.05. Figure 4 simultaneously
shows measured and predicted values of translational
stiffness at the holder—tool interface from the test set.

x10
Wlimeasrea
Ecrecicted

25

translaticnal stifiness [Nim]

4

transiationsl stifess [Nim]
- @

Fig. 4. The measured and predlcted values of
translational stiffness at the holder—tool
interface in the test set

Similarly, there was perform a prediction of
rotational stiffness at the holder—tool interface. The
results are shown in Figure 5. In this case, the
maximum relative error of 2.21% is obtained for the
tool with a diameter D = 25 mm and overhang length L
= 43 mm, while the mean relative error in the test set is
0.38% and a standard deviation is 0.47. Significantly
fewer errors in the prediction of the rotational stiffness
are result of much smaller spread values of input
variables.

_rotabonal stfness [miac]
s

Fig. 5. The measured and predlcted values of rotatlonal
stiffness at the holder—tool interface in the test
set

In order to investigate the accuracy of neural
network in prediction of translational and rotational
stiffness, combination of the spindle—holder—tool
assembly for which network generate the greatest error
of 7.81% for the translational and 0.61% for the
rotational stiffness is selected. Then, with predicted
parameters of translational and rotational stiffness (;7;
= 1,421 - 10’ N/m, prk, = 1,489 - 10° Nm/rad) at the
holder—tool interface, receptance matrix of 13 mm
diamater tool with 39 mm overhang length is coupled
with rest of system. The tool point frequency response
function on the same assembly obtained with contact
parameters from experimental results and with contact
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parameters identified with neural network are shown in
Figure 6. It can be concluded that neural network
prediction of contact parameters is quite satisfactory,
especially if one considers that instead of the mean
error of 3.45%, is taken into account the maximum
error of translational stiffness of 7.81%.

measured [
predicted

0 E

accelerance [N/ms?]

L L | 1 | L
0 500 1000 1500 2000 2500 3000 3500
frequency [Hz]

Fig. 6. Tool point obtained with contact parameters
from experimental results and with contact
parameters identified with neural network

4. FINAL REMARKS

Artificial intelligence is one of the areas of science
which is the fastest growing in recent decades. Parallel
with these development growth and expectations of the
discipline. Artificial intelligence systems are designed
to address problems that can not be solved by
conventional computer systems. The important type of
artificial intelligence are artificial neural networks. The
main areas of concentration neural networks that have
been used in mechanical engineering problems are
control, identication and damage detection. The main
advantages of ANN are its adaptivity, fault tolerant,
noise resistant and its ability to approximate an
arbitrary nonlinear function with a predefined accuracy.

The aim of this study is develop a methodology
using artificial neural networks to train and predict the
conntact parameters of the spindle—holder—tool
assembly. The artificial neural network was trained
using a feed-forward network with back-propagation
that has proven to be successful in many engineering
applications. Analisys results show that artifical neural
networks, if they are used in a systematic way, which
includes detailed data preparation and application of
optimization techniques to train the network, has the
ability to predict contact parameters of the spindle—
holder—tool assembly. Furthermore, artifical neural
networks can also effectively deal with uncertain and
incomplete information, thereby making them highly
promising tool for identifying systems that are typically
encountered in structural dynamics.
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APPLICATION OF NEURAL NETWORKS FOR PREDICTING CHARACTERISTICS
OF ELASTIC SUPPORTS TO PRODUCTION MACHINES

Abstract: Vibration and noise are unavoidable in the operation of variety of technological equipment (machines,
appliances, transportation and other mobile devices). Effective contribution to solving these problems provides the
application of elastic supports. This paper presents the idea of applying neural networks (whose architecture is
created based on table 2) in the process of defining the static characteristics of support. As a result of analysis of
many different architectures applied on the results obtained by the measurement,the most favourable architecture of
predictive model of neural network is presented. Deformation assessment of supports can significantly facilitate the
work for people involved in the design of technology foundation.

Key words: Neural networks, modeling, supports, vibroisolation

1. INTRODUCTION

Foundation of machines should damped vibrations
and shocks that are transmitted from technological
equipment on the environment, or from the
environment to technological equipment. In such
conditions, machine as technological equipment and
the system of elastic supports constitute an oscillatory
system, which can be viewed as a dynamic model with
one (Fig. 1) or more degrees of freedom (Fig. 2.) of
movements which differ in place of the malfunctions.
Vibroisolation can be active and passive. Active
izloacija - a malfunction occurs in the work process of
a machine that is the object of foundation. Passive
izloacija - malfunction comes from the surrounding
technological equipment and it is transferred to the
machine over the place of reliance.

F,=F,sinQt Jtl

=7,5in 2t

Fig. 1. Dynamic model of founded machine modeled
by one degree of freedom
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Fig. 2. Dyﬂamic model of founded rrTachine modeled
by several degrees of freedom in active isolation of
vibrations

Differential equation of oscillations of the system with
one degree of freedom in active isolation of vibration is
given by equation (1), and in passive vibration isolation
by equation (2):

mz+b(z—%,) +c(z—%,) = F, )

For the case of dynamic system with n - degrees of
freedom of movements of differential equation of
oscillations are given with system equation (3):

[M1{6} + [BI{6} + [KI{6} = {F(1)} (3)

where:: [M] - matrix of mass system, [B] - matrix of
system damping, [K]- matrix of system stiffness,
{F(t)} - vector of malfunctions, {&},{8}, {5} - vector of
acceleration, speed and movements.

An important feature of the elastic supports is stiffness
that depends both on the type and form of elasto-
viscose element and in most cases is a non-linear
characteristics. In such cases it is necessary to define
the stiffness and muffling of the elastic support as very
important quantity in identification of system dynamics
by given equations (1), (2) and (3), based on loads and
corresponding deformation of elasto-viscose element.

2. MEASUREMENT METHODOLOGY

To make the neural network model that provides
reliable estimates of supports deformations, appropriate
measurements related to the static tests of elastic
supports were carried out. Supports, type A and type B
(Fig. 3.), different hardness, are exposed to the effects
of force in the vertical direction (Fig. 4.).
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Fig. 3. Supports: type A and type B
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Fig. 4. Device for static examination of supports in
vertical direction

INPUT WEIGHT

Load of supports is performed by using hydraulic
pumps (1), with the cylinder (2) through a
dynamometer (3) on which the value of static force F is
read. Static force is, through the frame (4) transferred
to mat examined (6) which is mounted on a stand of the
device (5), while the deformation of h mat under load
and relief, is read on measurement clock (7).

3. PREDICTION OF SUPPORT DEFORMATION
BY USE OF NEURAL NETWORK

Neural networks are complex systems consisting of
neurons, interconnected by respective links, where the
knowledge of the network is stored. The neural
network is characterized by its architecture, the weight
vectors, and transfer functions used in hidden and
output layers of the network. Neurons in the input layer
receive the input data. Each neuron sums inputs and
one input per neuron in the input layer, but more inputs
per neuron in the hidden layer. Information between
neurons in different layers are transmitted using the
transfer function. Due to the different weights of
connections, neurons receive different signals. The
output of each neuron in the output layer is compared
to the desired output. In order to minimize the

difference between these two outputs, weight

adjustment between neurons is performed.
COLLECTIMG TRANSFER

SIGNAL FUNCTION OuTPUT

°

Fig. 5. Structure of artificial neuron

The most commonly used neural networks are
multilayer perception networks trained by algorithm
with back propagation. Networks of this type are
general-purpose models with good generalization
ability and are relatively simple for practical use. For
training the neural network that uses algorithm with
back propagation, learning process implies that data set
for training is available. Each element of this set is

defined by the input vector x®) = [xfk),xgk), ...xi(k)

and desired output vector t® = [t%) {9 @],
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Learning objective is to determine the network
parameters (connection weight and threshold of
activation b;) such that t@® = [t%, {9, t™] is

equal to y® = [y, y{9, .y®]. Criterion function,

which describes how the actual output of the network
differs from the desired is given by (4):

1 S
E =§Zl(ti —y1)? &)



When k sample of data set for training is led to the
input, function has the following form [1]:

S
1 2
E0) — Ez(ti(k) O (5)
i=1

An error in this type of network spreads backwards
through the network to the input layer where according
to the desired output values of neural network
connection weights in the network are set. Adaptation
of the connection weights w;; and threshold of

where: | — mark for neuron
coefficient.

layer, 7 — learning

The set of input data includes: x; =load F[N], x, =
type of support, x; = hardness [Sh], and set of output
data consists of: y, = deformation in case of load and
y, = deformations in case of relief. Set of input and
output data defined the architecture of network (Fig. 6.)
in the aspect of number of neurons in input layer and
output layer.

activation of neurons b; is determined from the Input Bottom
condition that the function (5) is minimal. Parameters Number quantity value Top value
of the n +1 step are determined as follows [1]:
1. Load [N] 250 30000
AE®
@i+ 1) = oo ® =1 ;i) 5 Hardness 45 2
(6) [Sh]
AE® Type of
bjiy(n+1) = bj;y(n) —n ab) 3. support ! 2
Table 1. Input quantities with values
INPUT LAYER HIDDEN LAYER OUTPUT LAYER
&b
LOAD-F v >
’ e DEFORMATION IN
CASE OF LOAD
)
HARDNESS - Sh
o
o N
//\\/ DEFORMATION IN
TYPE OF CASE OF RELIEF
SUPPORT 4 \ /
.

Fig. 6. Architecture of neural network for prediction of the deformations of support

Three-layer neural network has the following
architecture: the input layer - three neurons to represent
the load, type of supports and hardness, one hidden
layer, output layer - two neurons to calculate
deformations during loading and unloading. The data
are divided into three groups: data for network training,
data validation and data for network testing. The
training sample (60 data) was presented to the network
during training, and the network was adjusted
according to its error. The validation sample (20 data)
was used to measure network generalisation, and to halt
training when generalisation stopped improving.
Finally, the testing sample (20 data) had no effect on
training and so provided an independent measure of
network performance during and after training.
Modeling was performed in the MATLAB software
system. The parameters of the network architecture are
given in Table 2.

No. Parameter name Value
1. Input number of neurons 3
2. Output number of neurons 2

3. Nuber of neurons in hidden 12
layer
4. Transfer function in hiden .
| Tansig
ayer
5. Transfer function in output .
Purelin
layer
6. Learning function Trainlm
7. Number of epochs that is 300
presented
8. Number of epochs 10000
9. Momentum 0.9
10. Learning coefficient 0.05
11. Training error 0.001

Table 2. Parameters of architecture that has provided
the best results

MATLAB code created based on the parameters given
provides a satisfactory response whose evaluations
confirm high accuracy of this model. Correlation
coefficient is R= 0.99758, and mean absolute
percentage error in case of predicting the deformations
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occurred by loading is 1.81%, while in case of
predictions caused by unloading its value is 2.08%. Fig.
7 presents the overview of mean square error of model
created.

Best Walidation Perfarmance is 0.023425 at epoch 71

Train
“walidation
Test H

Mean Sguared Error (mse)

1} 10 20 30 40 50 60 70
73 Epochs

Fig. 7. Mean square error of the model created

Performances of neural network for prediction of
deformations of supports occurred by loading and
unloading are given in Fig. 8. and Fig. 9.

T T T T T T T T 1
55 I I I I I | I
a
45
4
35
3

25

Deformation in case of load - experimental data

1 18 2 25 3 35 4 45 & &5 B
Deformation in case of load - prediction
Fig. 8. Performances of neural network for prediction

of support deformations occurred by load
6.5 I I I I I I I | I I

T e e SR S0 S
T T T

5

45

------------------------------

) SRR N S :

CI] S R RS G " 20 N S R - —

ST S 2% U

Deformations in case of relief - experimental data

1 15 2 25 3 35 4 45 5 55 B G5
Deformations in case of relief - prediction

Fig. 9. Performances of neural network for prediction
of support deformations occurred by unloading
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4. CONCLUSION

Main concept of neural network with back propagation
is presented in this paper and the results of its
application in estimation of mat deformations made
under the effect of load in vertical direction are
described. Having in mind that vibrations of elastically
relied technological equipment are executed around the
position of stable balance and that those are small
oscillations, such approach when defining static
characteristics of elastic supports gives great
contribution to further successful analysis of system'’s
dynamics.
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RISK - BASED MAINTENANCE OF THE FLEXIBLE TEHNOLOGICAL SYSTEM

Abstract: The aspect of risk in the maintenance of capital equipment and industrial technological system has become in
recent years the most important element in the strategy of effectiveness and economy of production systems in the
industry. To ensure minimum downtime and failures, it is necessary to implement a model of maintenance management
based on modern scientific and research findings and theory of reliability, which will allow maximum efficiency of
production system. This paper presents a model of maintenance management flexible technological systems with aspects
of risk management, in order to ensure maximum productivity and efficiency, as well as the degree of utilization of
machining centers of the unique integrated production system. The presented model was originally developed for use in
technical systems, special purpose, and with some additions and changes it is adapted for use on production systems in

the metal processing industry.

Keywords: Risk management, maintenance, flexible manufacturing systems

1. INTRODUCTION

The company engaged in industrial production, and
has Flexible manufacturing System (FMS), seeks to
ensure maximum utilization rate of machining centers
and maximum efficiency throughout the production
process. Production in the FMS is based on the plan of
processing, plan of preparing work pieces, plan of
preparation tools which are precisely defined in the driver
cell controllers, so that every failure causes a disturbance
in the production process. Therefore, the biggest problem
is the risk of failure in the cell controllers and Automatic
Guided Vehicle (AGV), which leading to downtimes in
the work of whole FMS. Smaller consequences are
caused by failures in the work of machining centers, work
pieces washing machines, measuring machines and
computer control systems in the places of preparatory
tools and work pieces. Downtime of individual modules
and the reduction of production capacity of whole FMS
are caused by those failures. In order to achieve
continuous production without failure, for a period of e.g.
6 months (failure—free operation at 3240 hours), it is
necessary to ensure high reliability of key components
and modules in the FMS. It is very important to carry out
risk assessment and define preventive maintenance plan
based on these assessment. Modern methods in the
application of reliability theory [1], with the methods of
risk assessment, provide that a complete maintenance
strategy would based on the elements of risk [2], and thus
establishing a high efficiency and productivity of FMS.

2. CHARACTERISTICS OF THE PRODUCTION
PROCESS IN FMS

The optimal manufacturing process in a classical
production system arises as a result of optimal
performing of individual technological operations when

machining each work piece according to multifunctional

dependencies between the machine tool, work piece

material, tools and elements of the machining mode. In

FMS technological processes this isn't the case, because

procedural dependencies are very important in processing

alongside the functional. Optimizing the technological
process in FMS is based on a much more complex model,
because production in FMS has a series of production

specifics in regard to classic production system [3]:

e The work pieces for processing in FMS are
geometrically and technologically of similar
characteristics,

e Simultaneous — simultaneous processing of multiple
same and/or different work pieces in FMS,

e Processing same and/or different work pieces is
performed simultaneously on multiple different or
same manufacture centers,

e The work pieces are processed usually in different
series (whereby each work piece type has its own
specific series in which it should be manufactured),

e On one machining center are performed several
machining operations with different tools,

e On one palette can be several same or different work
pieces,

e Tool change is done automatically in two levels —
change from the main spindle and tool magazine on
the machining center and change of all tools from the
machining center magazine,

e Simultaneous tool change from the machining center
magazine conditions for one of the goal functions
during optimization to be an even level of blade wear
on all tools, and for each tool to have durability
approximately equal to its cutting time,

e Changing work piece palettes is done automatically,

e Moving work pieces in a technological process is
performed via an automatic transport system,
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e Storing work pieces between individual technological
phases in the manufacture process is performed on
buffers — special palette storages,

e The preparation places for secondary and gripping
requisites, tools and work pieces are specially
organized and are set on palettes available to
automatic transport systems,

e The delivery of preparation pieces is especially
regulated (castings, forgings, welded blanks) to the
FMS line and delivery of processed parts.

,

Assortment of workpieces
in different series

S

Workpiece type A Workpiece type A Workpiece type An
Series SA; ' Series S, ’ Series éylf
Gripping plan of woirkpieces on palettes
One Multiple Multiple
workpiece same workpieces different workpieces

on one pa\eﬂe

onone paleﬂe on one palette

2X A1 Ad + An
S I S I S I
=
K NC1 > Kok NC2 N NCn )
020 NOG20 — NOO20
N0D30....TO1 N0030..TO1 N0030 . T02

Machining center Machining center
MC Ne 1 MC Ne n

Fig. 1. The production model of the FMS

Flexible manufacturing systems are designed for
highly automated flexible manufacturing very complex
work pieces in small batches. Work pieces must be
manufactured in strictly defined range, where the series is
defined for each type of earpieces and the given amount
of time in which production has to be realized.

The total effective processing time (TSA) of all
work piece types in a given series can be determined by
adding the processing time
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TSA = TA- SA1+ TAz SA2 + TAs SAs + ... + TAx SAq

n

TSA = i§1 TA:- SAi .

Since it is impossible for a predetermined FMS
configuration to organize the production process so that
all manufacture centers are maximally utilized, the total
effective time for processing a group of parts (TSA)
should be corrected according to the rate of utilization of
machining centers (e) and thus get the real required time
(TSAR) for processing a group of parts in a given series.
If the rate of utilization is expressed so that it is (e <
1.00), we'll get the real time of processing by increasing
the effective time (TSA),

TSAR=TSA - 1/e.

Lost production time due to downtime or failure of
FMS, must be compensated by increasing the intensity of
the machining tool or higher utilization rate of tools or
using the tools of high quality. That situation leading to
increase production cost. It is, therefore, very important
system for preventive maintenance based on risk which
will not allow unplanned downtime in production.

3. RISK-BASED MANAGEMENT
MAINTENANCE METHODOLOGY OF
FLEXIBLE TEHNOLOGICAL SYSTEM

It is necessary to simultaneously observe the aspect
of reliability and availability with parameterized
probability of failure and consequences of downtime
aspect [4], in order to realistically consider the
consequences of downtime of FMS. The risk is defined as
the product of failure probabilities and consequences:

Risk = probability of failure - consequence of the failure.

Designing of concept of preventive maintenance system
is based on the clear definite answers on the key
questions:

e Which disorders of manufacturing process can cause
failure of module of machining center or FMS, like
whole system?

e Which phenomenological
processing can lead to failure?

e How can reaching to disturb of functionality of
module and failure?

e What is the probability of failure of module of
machining center or a computer control system (cell
controller)?

e What are the consequences of failure of the modules
or machining centers or FMS, as a whole?

The overall objective of the FMS maintenance process is

to increase the profitability of the FMS. Risk assessment

integrates reliability with safety and in some ceases

environmental issues and therefore can be used as a

appearance of the



decision tool for preventive maintenance planning.
Maintenance planning based on risk analysis minimizes
the probability of system failure and its consequences. It
helps management in making correct decisions
concerning investment in maintenance or related field.

Risk analysis is a technique for identification,
assessment and evaluation of the losses, incurred due to
unwanted downtime of work FMS. Maintenance
management model, from the point of risk analysis,
involves the analysis of probability and consequence of
failure

Risk assessment can be quantities or qualitative. The
output of a quantitative risk assessment will typically be a
number, such as cost impact per unit time. Quantitative
risk assessment requires a great deal of data both for the
assessment of probabilities and assessment of
consequences. Fault tree or decision trees are often used
to determine the probability that a certain sequence of
events in machining process will result in certain
consequences.

Qualitative risk assessment is less rigorous and the
results are often shown in the form of a simple risk
matrix where one axis of the matrix represents the
probability and the other represents the consequences. If
a value is given to each of probability and consequence, a
relative value for risk can be determined. The proposed
risk-based maintenance (RBM) strategy aims at reducing
the overall risk of failure of operating facilities. In areas
of high and medium risk, a focused maintenance effort is
required, whereas in areas of low risk, the effort is
minimized to reduce the total scope of work and cost of
maintenance program in structured and justifiable way.

The value of risk is used to prioritize inspection and
maintenance activities on that way that suggest a set of
recommendations on how many preventive tasks are
needed.

The RBM methodology is broken down into three
main modules [5]:

1. risk determination, which
identification and estimation,

2. risk evaluation, which consist of risk aversion and
risk acceptance analysis, and

3. maintenance planning considering risk factors.

A failure scenario is base for risk study and
represents description of a series of events which may
lead to a system failure (figure 2). The expectation of
scenario does not mean it will need to occur, but that
there is reasonable probability that it would occur. It tells
us what may happen so that we can prepare means of
preventing or minimizing the possibility of its
occurrence. The developed failure scenarios are then
screened to short list. Systematic procedure-maximum
credible accident scenario (MCAS) provides the criteria
to form this short list.

Consequence analysis is based on prioritize modules
of FMS on the basis of their contribution to a system
failure because failure of some machining centers
modules do not always lead total loose or downtime of

consist of risk

system. Consequence analysis involves assessment of
likely consequences if a failure scenario does materialize.
Overall consequence assessment is combination of four
major categories which calculate to each accident and
failure scenario:

1. System performance loss (factor A),

2. Financial loss (factor B),

3.  Human health loss (factor C),

4. Ecological loss (factor D).

Consider
one
unit

A

A 4

Development of
failure scenario

Quantitative hazard assessment * Probablistic hazard assessmjent

v L 4

Estimation of likely
damage area

Fault tree
development

¢ v

Fault tree
| Consequnce assess. |

analysis

Risk estimat.

Are all units
over?

Move to next
modul

Fig.2. Algorithm of risk estimation model

Probabilistic failure analysis is conducted using fault tree
analysis, using a methodology called ‘“analytical
simulation” [6]:

e Fault tree development: The top event is identified
based on detailed study of the process, control
arrangement, and behavior of components of the
FMS. A logical dependency between the causes
leading to the top event is developed.

e Boolean matrix creation: The fault tree developed is
transformed to a Boolean matrix. Used Structural
modeling technique the fault tree can be modeled into
a number of smaller sub modules with dependency
relations among them.

e Finding of minimum cut sets and optimization:
Minimum cut sets are determined from Boolean

e Probability analysis: Monte — Carlo simulation
method is recommended.

e Improvement index estimation.
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Risk evaluation (figure 3) comprised two steps:

e Recognizing specific acceptance criteria like
ALARP, Dutch and USEPA [7].

e Risk comparison against acceptance criteria for each
module. Modules whose estimated risk exceeds the
acceptance criteria are identified and their
maintenance plan must be improved.

Risk
factors of
one unit

v

Comparison of

» . .
Pl estimated risk Setting
'—P against |-~ up acceptance
- acceptance risk criteria
Risk factors criteria
of another
nnit
Ves Is risk
acceptable

Risk factors

of another Add this unit for
it the maintenance
planning

Move to next
modul

Fig.3. Algorithm of risk evaluation module

Maintenance planning for AGV, cell controller,
machining centers and other modules, for which failures
risk is estimated, under allowed level, according to
defined criteria, study detailed with objective to reduction
risk level through improved maintenance plan. Improved
maintenance is carried out through evaluation of the
optimal system maintenance, with objective to identify
the individual causes of failures and their impact on
reducing the probability of failure. At the same time,
through the inverse analysis of adverse events, in the
machining process, it can take influence to decrease the
probability of failure of key modules of FMS, in order to
define the reliable maintenance plan. Re-evaluation and
iterative evaluation of risk must be leaded, until total
allowable level of risk of FMS was determined.

4. CONCLUSION
Contemporary business practice show us how

important risk analysis and assessment is for running a
business successfully and for operations of any
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organization, enterprise or individual. On the other hand,
we have witnessed a rapid development and
implementation of holistic approaches to risks
management in enterprises, unified in the modern
business practice by the name of Enterprise Risk
Management (ERM) (ISO 31000:2009).

Modern commercial and industrial practices imposed
the need to analyze and assessment risks of each
organization's manufacturing processes, especially those
that have installed programmable; and highly automated
manufacturing systems just like FMS.

Giving the possible failure consequences,
development of risk-based preventive maintenance model
of FMS represent one of the most important segment of
modern,  economical and  highly  productive
manufacturing in metal industrial-metal.
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SOME CHARACTERISTICAL ASPECTS REGARDING CNC GRINDING OF SPUR
GEARS

Abstract: In this paper we will present some theoretical and practical aspects of CNC grinding of cylindrical gears
with different profile modification. Also in this paper, there will be presented some concrete practical results and

measurement diagrams.

Key words: gears, CNC grinding, profile modification, involute curves

1. INTRODUCTION

For a lot of new gear industrial application
(precision devices, measurement apparatus, wind
turbines, vehicles, etc.) is needed high precision and
very different gear tooth profile modifications. In order
to can manufacture these gears our team in
collaboration with EMSIL TEHTRANS from Oradea
and UNIO companies from Satu Mare (Romania)
developed one special CNC grinding machine equipped
with  FANUC numerical control equipment. For
obtaining the multitude necessary parameters for
programming different grinding process phases, it was
necessary to develop a series of mathematical
algorithms that hold in to about not only the teeth
geometrical characteristics, but also the machine
movement command possibilities. The experimental
testing and industrial application was at UNIO
Company, where we had also the possibilities for high
precision measurement of realized gears. In this paper
we will present the main aspect of our theoretical and
practical results.

2. THE DEVELOPED CNC GEAR GRINDING
MACHINE

As we mentioned in the introduction the machine
was developed by modernizing a NILES type machine.
The necessary movements for manufacturing and
coordinate axis orientation can be seen in Fig. 1.

Fig.1. CNC gear grinding machine and axis orientation

For involute spur gear profiles’ grinding it is necessary
to have a numerical commanded B and Z axis. For
involute helical gear grinding it is necessary to have a
numerical commanded for Z and A axis. In case of
modified profile gears, the teeth sections are realized
by involute curves with different parameters. At the
machine programming we must introduce the effective
value of the distance that has to be covered on the B
and Z axis directions.

Taking into account the diversity of gears that had to be
grinded it was necessary to elaborate a set of
mathematical and kinematical algorithms,

For all algorithms it was applied the version of grinding
with different type of angles with the same grinding
wheel. From lack of space in this paper we will present
only the main parts of the Al algorithm.

3. THE ALGORITHM
The determination of cnc programming parameters
for the CNC spur or helical gear grinding machine, for

gears with profile modification regardful of those gears
that satisfy the following condition:

R <R, -cosq,,

The developed algorithm is part of a series of

algorithms :
e Al algorithm: for spur gears with
R; <R, -cose,;
e A2 algorithm: for spur gears with

R, >R, cosq, ;

e A3 algorithm:
modifications;

e A4 algorithm:
modifications;

e A5 algorithm: for gears with tip and foot
profile modifications;

e B1 algorithm: for with right-hand helical teeth
gears;

e B2 algorithm: for gears with left-hand helical
teeth right-hand helical teeth;

for gears with tip profile

for gears with foot profile
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In Fig. 2 we can see the graphical representation of
the relative position between the left flank of the gear
teeth space and the double conical grinding wheel,
corresponding to the relative position at the beginning
and the ending position of the grinding process. Also in
the figure it is represented a general case when the

profile angle « of the tool is different from the

frontal gearing angle ¢, . Thus the algorithm gives the

at
as
mm, |
4
S
E
< AP—
oY
T G
M

possibility of grinding gears with different types of
gearing angles with the same grinding wheel. As it can
be observed from the figure above the grinding starts in
the point T, and ends in the point A, for moving into
position these two elements it is necessary to make a

rotation of the gear with the angle ¢ and a translation

along the axis Z with b. According to the figure we can
write the following expressions:

(™ st

()

Fig.2.The graphical representation of the relative position between the technologic systems elements at the left tooth

gap flank grinding.

JRZ —R?
b:#_y 1)
cosa

where: R,s — technological gearings rolling radius,
R, — base circle radius. The y parameter is calculated
with the following equation:
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For the next parameters, after a series of

calculations we obtained:



R.=m

a n

;+x+1—k (8)
2cos

R.= OAs defines the distance of the final tangent point
between the tools flank and the tooth flank and it is
given by the expression (8)

R, = OT; defines the distance of the starting tangent
point between the tools flank and the tooth flank,
located on the base circle radius.

The AT segment represents the trajectory of the
contact point tools flank and the tooth flank.

4. GEAR MEASUREMENT AND CONTROL

The measurement and control of the gears
manufactured using the deloped technology, was done
on the CNC measuring center GHIBLI-TRAX (Fig.3.).
The measureing equipement has a special software
module for gear measuring and control.

Fig.3. CNC measuring center GHIBLI-TRAX
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Fig.4. Gear profile measuring diagrams of a machined
gear

From the two measuring diagrams (fig. 4.), we can
conclude that the gears manufactured on the CNC
machine (fig.1.) are situated between 7 — 8 precision
classes, for both profile and pitch precision.

For achieving higher precision classes it is necessary to
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purchase a higher precision grinding machine that can
be equipped with the same numerical command
equipment and work programs.

5. CONCLUSIONS

With the presented algorithm we can determine
very precise the values of the parameters necessary for
programming of gear grinding, determined after
different standards (STAS, DIN, AGMA, etc.). The
large number of experimental results has highlighted
the faultlessness of the method. After the measurements
was found that the gears which have been
manufactured using the elaborated method are included
in the range of precision classes 5...7. Also another
positive aspect of this research is that old machines can
be upgraded at a lower cost instead of disposing them
and buying new expensive equipments.
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KINEMATIC MODELING OF THE TRICEPT BASED 5-AXIS MACHINE TOOL

Abstract: This paper is aimed in presenting a study on the kinematic modeling of the Tricept based five-axis vertical
machine tool. Since the machine comprises 3-DOF parallel structure and 2-DOF serial wrist kinematic modeling
also comprises serial and parallel part. As solution of direct and inverse kinematics of 2-DOF serial wrist is well
known the study in this paper will focus on the parallel structure only.

Key words: Hybrid mechanism, kinematic modeling, machine tool

1. INTRODUCTION

Compared with serial structured machine tools and
robots, parallel kinematic machine tools and robots
have many advantages. Basic knowledge about diverse
aspects of parallel kinematic machines has already been
published. Many different topologies of parallel
mechanisms with 3-6 DOF has been used [1-3].
Considering that some limitations are indeed due to the
use of parallel mechanisms, it is appealing to
investigate architectures based on hybrid arrangements
where serial and parallel concept are combined [3]. The
Tricept robot or Tricept machine tool is based on
parallel tripod combined with passive chain, and
equipped with serial 3- or 2- DOF wrist. The inventor
of this structure is K.-E. Neuman [4] while the
mechanics has been constructed by Neos [5].

The primary application of commercially available
Tricept robots was area of assembly where large
insertion forces are required, e.g. as in the automobile
industry.

Conceptual model of the Tricept based vertical five-
axis machine tool considered in this paper, Fig. 1, is
planed for HSC-milling of aluminium, steel as well as
large model making, plastic and foam machining.

This paper is aimed in presenting a study on the
kinematic modeling of the Tricept based five-axis
vertical machine tool. Since the machine comprises 3-
DOF parallel structure and 2-DOF serial wrist
kinematic modeling also comprises serial and parallel
part. As solution of direct and inverse kinematics of 2-
DOF serial wrist is well known the study in this paper
will focus on the parallel structure only.

2. KINEMATIC MODELING

Figure 2 represents a geometric model of the
Tricept based vertical five-axis machine tool, Fig. 1,
which comprises 3-DOF parallel structure and 2-DOF
serial wrist. Parallel structure consists of four kinematic
chains, including three variable length legs with
identical topology and one passive leg connecting the
fixed base B and the moving platform P. Three variable
length legs with actuated prismatic joints
d;, i=123are connected to the base B by Cardan

joints and to movable platform P by spherical joints.

Fig. 1. Conceptual model of the Tricept based five-axis
machine tool

The fourth chain (central leg) connecting the centre
of the base B to the platform P is passive constraining
leg. It consist of Cardan joint, a moving link, a
prismatic joint and the second moving link fixed to the
platform P. This fourth leg is used to constrain the
motion of the platform to only 3-DOF. These 3-DOF
are described by spherical coordinates i.e. by the axial

translation pg, = ‘ M pop‘ along the central leg and by

two rotations W and € about two axes orthogonal to the
central leg itself. Two-DOF serial wrist executes
rotational motions i.e. tool orientation with actuated
rotational joints ) and 6, .

To adequately control the position and orientation
of the tool during machining processes, kinematic
model is required to establish mathematics description
for the machine tool. Kinematic modeling of parallel
structure involves solving of inverse kinematics,
Jacobian matrix as the basis for numerical solution of
direct kinematics, and direct kinematics. Based on
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machine inverse kinematics the workspace has been
analyzed in order to select machine prototype design
parameters.

2.1 Machine joint and world coordinates

As can be concluded from Fig. 1 i.e. Fig 2, Tricept
based five-axis machine tool will be considered below
as a specific configuration of the five-axis vertical
milling machine (X, Y, Z, B, C) spindle-tilting type [6].

The machine reference frame {M} has been
adopted according to the standard for this machine type
[7]. Frame {P} is attached to the moving platform in a
way that zp axis coincides with the axis of the central

leg and with the axis of joint 8, . The tool frame {T} is

attached to the milling tool at the tool tip T, so that the
axis zp coincides with tool axis, and the frame {W} is

attached to the work piece. Vectors v referenced in

frames {M}, {W}, {P} and {T} are denoted by My,

WV, Py and Tv.

To solve direct and inverse kinematics, joint and
world coordinates will be defined first.

Joint coordinates vector for this 5-axis Tricept
based machine tool is represented as

Md2

q:[dl d, d; 6, 92]T (M
where d;,i=1,2,3 and 6;,i=1,2are scalar joint
variables controlled by actuators.

The description of world coordinates is based on
tool path calculated by CAD/CAM systems defined by
the set of successive tool positions and orientations in
the work piece frame {W}, Fig. 2. The thus calculated
tool path is machine independent and is known as a
cutter location file (CLF). A tool pose is defined by the
position vector of the tool tip T in the work piece frame

w
Wi as "pr=[xmy ypw zw] and ool
orientation is defined by unit vector of the tool axis as

w Ky = [kTWx krwy kTWZ}T. In the general case, the

tool tip position vector and tool axis vector in machine
reference frame {M} can be expressed as

MPT:[XM Yy ZM]TszOw+%R'WpT
MkT:[ka kTy sz]T:%R‘WkT

2

® Cardan joints
O Spherical joints

Fig. 2. Geometric model of the Tricept based vertical five-axis machine tool
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where M pOW:[xOW Yow zOW]T is the position

vector of the origin of work piece frame {W}.
Determining the position vector Po, and the
orientation of the work piece frame {W} is conducted

according to the standard procedure for 5-axis CNC
machine tools. It should be noted that determining the
orientation matrix AV,//I R in equations (2) is determined
and executed later in control system without changing
G-code. To complete the vector of world coordinates, it
is also needed to determine the tool orientation angles
B and C which define direction of tool axis zy that
also coincides with axis of the last link, Fig. 2. Given
that the machine has 5 DOF, only the direction of tool
axis zy is controllable, while axes x7 and yr will
have uncontrollable rotation about it. The position and
orientation of the tool frame {T} relative to robot
reference frame {M} can be described by homogenous
coordinate transformation matrix 4x4 [8-10] as

iTx ij kaiXM
MT_[A?RMPT}_ iy Yy
"o 0 o] 1 ir. Jr k. | Zy
0 0 01 1
(3)

where the rotation matrix Ay/{ R represents the

orientation, while vector ¥ pr represents the position

of the tool frame {T} with respect to the machine
reference frame {M}. To bring the tool axis zy to a
desirable orientation with respect to frame {M}, the
tool frame {T} must be rotated first about axis Y,, by
angle B, and then about axis Z,, by the angle C, as
prescribed by the convention for 5-axis vertical milling
machine (X, Y, Z, B, C) spindle-tilting type. As it is
known, the rotation matrix Ay/{ R specifying the
orientation of tool axis zy can be derived as

A7{R =Ryyc Ryyp 4)

where Ry p and Ry, o represents basic rotation
“S”

matrices [10] and where and “c” refer to sine and
cosine functions. As it is of interest only orientation of

the tool axis -7 specified by wunit vector

M Ky :[ka kry sz]i" by equating corresponding

members of matrix A7/{ R from equation (4) the angles B
and C can be determined [11]. This way, the world
coordinates  vector can be  expressed as

x=[xy Yy zZy B C].

2.2. Kinematic modeling of parallel mechanism

As it was mentioned, the passive central leg is used
to constrain the motion of the platform to only 3-DOF.
According to Fig. 2 these 3-DOF can be described by
spherical coordinates

x, =|po, ¥ 6f 5)

where:
* Pop :‘M POp‘ is axial translation along

central leg, and
e  Wand @ are the rotation angles of the central
leg’s Cardan joint about axes X, and Y,
respectively.
Vector Pop =[xp Yp zp]T =Xxp is the position
vector of origin O, of the frame {P} attached to the

moving platform with respect to machine reference
frame {M}, and represents Cartesian world coordinates
vector.

As noticeable from Fig. 2 joint axes of 2-DOF serial
wrist intersect at point D (wrist centre). From this fact
it is easy to conclude that the position of wrist centre D
is influenced only by joint coordinates d},d, and d5 of

parallel mechanism.
For specified position vector of the tool tip

MpT:[XM Yy ZM}T and for specified tool

orientation angles B and C the rotation matrix A}[ R
from equation (4) is calculated first. Then by using only

vector M k7 from calculated rotation matrix A}[ R
My, =[cC-sB sC-sB cB]" (6)

the position vector of the wrist centre D ' p p and its

module p p, according to Fig. 2 can be calculated as
Xp
M M
Pp=|Yp [F Prt Pm=

Zp

M

(N
Xy +1,-cC-sB r

=Mp,+1,"k, =| Y, +1,-sC-sB
and it’s module as

po="Po|=Vb+yi+z5  ®

As the position vectors M Pop> MpD and MppD

are collinear and coincide with central leg, and as
‘MpPD‘ =/l the module pg, :‘Mpop‘ can be
calculated as
Pop =Pp - 1 ©)
Now, the description of the position and orientation
of the frame {P} attached to the moving platform with

respect to machine reference frame {M} can be
represented as

r=|_ 7" _ L% (10)

where rotation matrix A}/{ R represents the orientation
while vector ¥ Pop represents the position of frame

{P} with respect to the machine frame {M}. Frame
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AI/{,T can be further derived using homogenous
transformation matrices 4x4 as

My _
P =Tro1(x,, %) Trolyy, 0) Tranzy —po,) =

ct 0 s6 ! - POp -s6
|
sV-s0 ¥ —s¥Y-cO | pop -s¥-ct

-c¥-s8 s¥ c¥-co E—p0p~c‘P~CH
00 0 T [
(11)
where
—Pop 50 X,
M
Poy =| Popys¥:cO0 1=y, (12)

—Poy ¥ -cl z,

As the vectors M pp and Mpop are collinear,

calculated components of vector

MPD :[XD YD ZD]T in equation (7) can also be

described by
equation (12) as

spherical coordinates according to

—pp-s0 Xp
pp-s¥-cld |=|yp (13)
—pp-c¥-cl Zp

From equations. (13), (7) and (8) the platform’s
orientation angles ¥ and & can be determined as

6= Atan2(x, /—pD,\/l—(xD /- PD)2 ) (14)
Y=Atan2(yp,—zp) (15)

MPD:

As can be seen from equation (13), equation (14) is
valid when ¢@#0 ie. 6=190°. This condition is

always satisfied since angles T a1d€ ysually vary
within the limits +7/3specified by the ranges of
passive joints motions.

This way, the spherical world coordinates vector of

parallel mechanism xg, in equation (5) or Cartesian

world coordinates vector X, in equation (12) are

completed.

2.2.1. Inverse kinematics of parallel mechanism

The inverse kinematics of parallel mechanism from
Fig. 2 deals with calculating the leg lengths d;, i=1,2,3
when platform pose is given.

Observing geometric relations on the example of

leg vector Md2 shown in Fig. 2 the following

equations can be derived

d.

x

Ma =|d.

i iy

d.

iz

="po,+"'p;i=""b;  (16)

where:
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. Md[, = [dix djy diz]r , 1=1,2,3 are vectors of the

actuated legs defined in the machine frame {M},

. Mpop = [xp Yp zp]r is the position vector of
the origin OP of the frame {P} attached to the
moving platform with respect to machine frame
{M} and is given in equation (12),

Pix r-cy;
. Ppl. =| py |=|7-s7; |, 1=1,2,3 are position
0 0

vectors of the joint centers at the platform located
on the circle of radius r with angular position

vi= ZT” (i—1), and are defined in the frame {P},

Mpl.:AP’{R(z//, 9)-Ppl- , i=1,2,3 are position vectors

of the joint centers of the platform expressed in the
machine frame {M},

bix R- C'}/l'
o Mp, = by |=| R-sy; |,i=1,2,3 are position
0 0

vectors of the join centers at the base located on
the circle of radius R with angular position

Vi = ZT” (i—1) and are defined in the frame {M}.

By substituting corresponding vectors in equation
(16) vectors Md,-:[d,-x dyy, d,-Z]T, i=1,2,3 can be
obtained from which inverse kinematics equations

2 2 2 .
d;==,ld;, +d; +d; ,i=123 (17)
are derived as

d; :(pép +r2 +R? —2-pop R-cO-s¥ -

(18)
—2~R’I”°Cl//)1/2
dy =[Py +17 + B2 + o, R-(cO-5¥ =3 -56) +
. (19)
+%(—3-c€—x/§-s9-s‘1’—c‘l’)]”2
dy =[ply +1° + R*+ pop - R-(cO-s¥ +43-50) +
(20)

+%(—3~c€+\/§-s9-s‘1’—c‘l‘)]l/2

This way, the joint coordinates vector of parallel
mechanism can be expressed as

T
where d;, 1= 1,23 are scalar variables controlled by
actuators.

2.2.2. Jacobian matrix and direct kinematics of
parallel mechanism

The direct kinematics problem for parallel
mechanism consist of finding vector of world
coordinates Xy, or Xp as a function of joint

coordinates d. Generally, such problem does not have



analytical solutions and different numerical algorithms
based on Jacobian matrix are used.

Differencing equations. (18) — (20) with respect to
the time the Jacobian matrix is obtained as

a0 o
ag;” S;P aadﬁ Jn Jio i3
J=|—% =2 —Zi=|Jy Jyp Jn (22)
oo, ¥ 0| | R
ad3 % % 31 32 33
oy OF 00
where:

Jn =(p0p —R-cO-5¥Y)/d;
Jo1 =12 pop +R-(cO-s¥ —3-50)1/2-d,
J31=1[2-pop +R-(cO-s¥ +13-50)]/2-dy

J1a :(—pop ‘R-cO-c¥+r-R-s¥)/d;
Joy =[pop R-cO-c¥+r-R-(s¥ —3-50-c¥)/2]/2-d,
I3 :[pop~R-cé’-c‘P+r-R-(s‘P+J§~s9.cql)/2]/2.d3

Ji3=pop -R-50-s¥/d,

Ja3 =[pop "R-(=50-s¥ =3 -cO) +
+r-R-(3-50-3-¢0-5¥)/2]/2-d,
J33 =[Pop ‘R-(=s0-s¥ +/3-cO) +
+r-R-(3-50+3-c0-s¥)/2]/2-dj

This so called analytical Jacobian matrix [12]

relates the spherical velocity vector Xg, to the joint

velocity vector d and is used in this paper as a basis
for simple numerical algorithm to solve direct
kinematics for the purpose of simulation. The algorithm
is based on constant Jacobian matrix calculated for the
centre of workspace i.e. for the initial position [13].

At step (nt+1), the estimated position of the platform
is given by

X X +J (X ,dg) - (d—d,) (23)

spn+1 = sp0 >

where:
® X4l = [pOpn+1 Y, 0.4 ]T is the estimated
position of the platform at the step n+1,
® Xgpp = [POpn Y, Qn]r is the estimated position
of the platform at the step n,
od,=[d, dy, d3n]T joint position (leg lengths)

corresponding to the estimated platform position at
the step n, result of the inverse kinematics of point

Xspn >
o J! (Xgp0.d) 1s the inverse Jacobian matrix for
the initial platform position x,, and joint position

d as the result of inverse kinematics of point

X sp0 -

For the purpose of simulation, this algorithm
converge in 1 to 5 steps depending on the distance
between the initial position and actual position. This
comes from the large workspace at the parallel
mechanism on one hand and the other hand from the
high accuracy provided by position sensors. The direct
kinematics model takes almost twice as much time as
the inverse model.

3. WORKSPACE ANALYSIS

Beside the selection appropriate kinematic topology
the most important step in the parallel machine design
is to select the right geometric dimensions [12].

Based on inverse kinematics, it is possible to
determine the position and orientation workspace of the
Tricept based five-axis milling machine. The applied
approach proved to be very useful and is based on the
definition of position and orientation workspace for
parallel kinematic chains [14].

In the case of the Tricept based five axis machine
tool considered in this paper, the position and
orientation workspace are given by

We(X,y,Yy.Z,,,B,C)=1{01} (24)

which represents a Boolean function whose value is
equal to 1 if the tool pose-defined by the quintet
(Xu-YarsZyr,B,C) is reachable without exceeding

the limited motion range of the joints. Starting from the
selected point in the workspace volume, the estimation
is made by specific step-by-step strategy that locates
tool in a given pose in the workspace and that
determines whether the pose is reachable or not by
taking into account a limited motion range of the joints
[6]. Based on selected design parameters: R = 350mm,
r=100mm, 1,=300mm, 1,=150mm, d,;;=934mm,

dinax=1520mm the determined workspace for three-axis
machining (B=0°,C=0°, ie., spindle axis is

perpendicular to the X;,Y;, plane) is shown in Fig. 3.

Zm Iy
Xnm Ym
(=3
wy
93 @

column

1
1
1
1
1
1
1
1
1
1
1
1
|
\
1
"
990

Fig. 3. Workspace in the case of three-axis machining
(B=0°, C=0°)
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For programmers and operators familiar with CNC
machine tools, the determined workspace can be
reduced to the parallelepiped “a” as indicated in Fig. 4.
As it is known from practice, adopted portion of
workspace in the form of parallelepiped “a” can be
changed in form “b” or “c” depending on the

workpieces’ shape and dimensions.
4. CONCLUSION

The results of a study on the kinematic modeling of the
vertical Tricept based five-axis machine tool have been
reported in this paper. For parallel structure inverse
kinematics is solved analytically while direct kinematic
is solved numerically based on constant Jacobian
matrix calculated for the centre of workspace. Based on
machine inverse kinematics workspace has been
analyzed in order to select machine prototype design
parameters. The focus of the current research, one part
of the results being presented in this paper, is related to
the prototype development of the Tricept based five-
axis machine tool.
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COMPARATIVE ANALYSIS AND FLEXIBLE CONVENTIONAL
NC TECHNOLOGY THE EXAMPLE FROM INDUSTRY

Abstract: The optimum technological process in the classical production system, resulting from the optimal performance
of individual unit operations during the development of each workpiece to multi functional dependencies between the
machine tool, workpiece material, tools and elements of the machining. The technological process in the FTS-not, as a
very important addition to the functional and procedural dependence.

This paper presents a comparative analysis of NC technologies that are implemented on conventional machine tools with
NC control and technologies that are implemented in a flexible manufacturing system, the selected example from
industrial practice. At the same time presents the methodology and design of flexible technology, with emphasis on the
characteristic elements of production in flexible manufacturing systems.

Keywords: CAD/CAE/CAM, NC technology, FMS

1. INTRODUCTION

Modern production is based on the optimal design of
technological processes and the selection of the
appropriate production system. Short product life and the
desire of designers to adjust the maximum functionality
of the product to customer requirements require
maximum attention on the analysis of productivity and
efficiency of production processes. Increasing the level of
automation and programmability of the production
system does not ensure greater effectiveness in all
technological conditions. Sometimes it is a highly
automated production system, despite the high degree of
flexibility, less cost than conventional machining with
CNC control system.

In small series production work parts for injection
molding tools with high spatial processing of complex
multiaxial surfaces, it frequently occurs that the dilemma
is more efficient development of the autonomous
machining centers and flexible manufacturing systems.
In the selected example from industrial practice a
comparative analysis of methods of design technology
was carried out, with indicators of the manufacturing
process for the treatment of classic CNC machining
centers and flexible manufacturing system. The analysis
allows the definition of technological areas in which the
economical processing of the flexible manufacturing
system.

2. CNC TECHNOLOGIES CONVENTIONAL

In the last few decades have been widely applied in
machine tools with NC control, and development of
computer systems and CNC software engineering
technologies have become the conventional method for

processing spatial complex surfaces on the parts of the
metal processing industry. The productions facilities are
often used as a machining center machining systems are
adequate for making the working parts for plastic
injection molds, casting or forging. Machining centers as
autonomous machining systems have servers of which
supervises the implementation of NC programs, tool
changing machining center in a warehouse, is shrinking
and the workpiece placed on the desk and finally disposed
of workpieces with machining process is completed.
Under a series of complex workpieces to be processed
effectively autonomous machining centers - CNC using
conventional technology, but the question of criteria in
order to adequately evaluate the case when there are
alternative options for the implementation of FMS and
conventional CNC technology (Fig. 1).

Series“ Space technology for the analysis —
highly Transfer lines
di Flexible Manufacturing
medium Systems (FMS)
low Machining centers
CNC machine tools
low medium highly
Flexibility

Fig. 1. Application areas of autonomous FMS and CNC
machining centers

Greater flexibility in the range of workpieces with
small series production determines the priority use of
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conventional CNC technology, a large series of similar
parts are generally processed the transfer lines, which is
characteristic of production in the automotive industry.
For the medium series of workpieces with high flexibility
to implement flexible technology in FMS systems.
Interestingly, the area is in part overlap with FMS
machining centers, which should establish criteria for
evaluating the effectiveness of the production process in
FMS or on autonomous machining centers.

3. FTS

The optimum technological process in the classical
production system, resulting from the optimal
performance of individual unit operations during the
development of each workpiece to multi functional
dependencies between the machine tool, workpiece
material, tools and elements of the machining. In
technological processes in the FTS-not, because in
addition finkcionalnih very important, and procedural
dependence. Optimization of technological processes in
the FTS-in is based on a much more complex model,
because production in the FTS in a number of specific
features in relation to the production of the classic
production system (Fig. 2). Basic characteristics of the
FTS-processing in the:

Horizontalni obradni centri
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Horizontalni obradni centri madina

Fig. 2. FTS Configuration for the treatment of prismatic
parts

e workpieces are geometrically and technologically
similar characteristics,

¢ at the same time-simultaneous processing is
performed more razlocitih workpieces,

e workpieces are usually processed in different batches
(where each type obradakaima his series in which a
given must be made),

e The processing is performed simultaneously on the
same or more different machining centers,

e On one pallet can be more of the same or different
workpieces,

o Editing tools are performed automatically at two
levels - changes from the main spindle and the tool
storage and processing center changes svuih tools
from warehouses machining center,
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Change the range of workpieces is done
automatically,

The movement of workpieces in the technological
process is carried out with automatic transmission
system.

Because of the high degree of automation, management,
computer-based control systems, investing in FMS is
much larger than inesticije in a production system based
on machining centers and conventional CNC machine
tools. Therefore, the FMS-kd and a higher depreciation
costs, and thus the hourly rate of pay.

4. TECHNOLOGY FOR CONVENTIONAL NC
MACHINE TOOLS

In the phase of designing NC technology play a key
role sovftverski CAM packages that offer great creative
options when generating tool paths and NC-code format.
NC technology for designing parts for injection molding
tools for plastics, used EdgeCAM is one of the most
widely used CAD / CAM software packages for
integrated product design and technology. Complete
EdgeCAM software system includes support for
generating NC code and computer communication -
numerically controlled machine tool for processing the
following types, namely:

2 Y to 3 axis processing

5 axis processing

2 to 4 Multi-axis turning

2 to 4 axis wire processing elektroeroziona

Editor

The module for generating NC code (Code Wizard)

Design of NC processing technology on a conventional
machining center includes the most important parts of
tools for plastic injection pressure which is necessary to
define all of the technological parameters. For example
from industrial practice (Fig. 3), it is necessary to design
the technology for processing plate 14 nests with tools
and two upper plate molding tools.

a)

Fig. 3. Workpieces a) plate nests with tools and b) upper
mold plate

When designing the EdgeCAM NC technology in the
milling process is necessary to first define the plan
contract and treatment plan, and then define the type of
operation, the tool, cutting conditions, a strategy, a way
of approaching and moving away from the workpiece



tools and other technological parameters for each
operation . Simulation after the definition of each
operation, and the entire flow machining process

parameters are analyzed and projected effects of
technology (Fig. 4). Depending on the results of
simulations can be performed and the changes of the
machining tools in the technological operations, and
define an entirely new machining conditions (Fig. 5)
which will enable greater productivity and efficiency of
machining processes.

Fig. 4. The trajectories of cutting boards nests processing
tools for plastic injection

Fig 5. Tool path to process the upper mold plate

Simulation is a realistic overview of processing, thus
showing the movement of the tool and the material
removal process. The simulation (Fig. 6) allows
identifying any errors or collision of tools or tool holders
in contact with the workpiece. For example. simulator
will detect the error if the cutting geometry is not
adequate, so the tool touches the workpiece, not only
cutting edge, but the handle. Also, it is often the case that
the short handle tools, and tool holder is in contact with
the workpiece. CAD / CAM system allows the geometric
collision case, make corrections, that in case of
unfavorable indicators of a machining process
optimization approaches, as well as tool path
optimization of the machining parameters.

Fig. 6. Simulation of technological operations in the
processing of conventional machining system

5. TECHNOLOGY FOR FMS

In the FTS in flexible production simultaneously to deal
with several workpieces in a single technological
operation, which is not related to a workpiece, but for a
group of workpieces which are placed on a pallet. All
workpieces to be processed in one production cycle in the
FTS in the similar geometrical and technological
characteristics and belong to one and the same
classification group. Therefore, you can use the same
type of rail and ancillary equipment in setting workpieces
on pallets (Fig. 7). Schedule workpies on pallets to a
large extent depends on the series in which to develop a
range. When several identical workpieces placed on a
raft, a complete range of content is seen as one entity, so
that using the principles of group technology in NC
programming and processing of all parts of the range is
realized with one NC program (Fig. 8).

Fig. 7. The trajectories of cutting boards nests processing
tools for plastic injection-FMSu

Fig. 8. Simulation of machining processes in the FMS
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6. ANALYSIS TECHNOLOGY FOR CNC
MACHINE TOOLS AND TECHNOLOGIES

To assess the effects of processing on conventional
CNC machine tools and FMS-in, it is necessary to make
analysis and comparative look at the basic technological
parameters of the process through clamping plan, plan
tools, the number of unit operations and processing time.
The technological process for conventional CNC machine
tools, which takes place using conventional rail
equipment requires significantly more contraction than
was the case for the treatment of FMS.

The conventional method of processing to machining
centers required to process slabs from the nests of tools
for plastic shrinkage S1 = 22, a treatment of the upper
mold plate S2 = 6 contractions. Time for clamping plate
nests with the TS1 = 10 min, and the tightness of the
upper mold plate is Ts2 = 30 min. Bearing in mind the
whole time series, which need to be processed on
machining centers or CNC machine tools, the time
required for clamping workpieces is 400 min. For
processing technology in FMS-in, bearing in mind the
possibility of setting up multiple prismatic clamping
workpieces to the accessories that are on a rotating table
can be processed from multiple sources, processing
boards nests tools for plastic injection can be realized in a
tightening (S1 = 1) . Also the processing of the upper
mold plate can be realized in a tightening (S2 = 1). The
FTS-in time needed to be clamped workpieces does not
affect the machine processing time, because the
workpieces placed on a pallet in independent of cycle
time of a machining center. The only time you need to
bear in mind the time of the pallet exchanger, which takes
the range of workpieces automatically governed Vehicle
(AGV) and brings it into the workspace machining
center, while at the same time range is from the cutting
zone machining center and places it on the AGV. Pallet
change time is 23 seconds, which is very short compared
to the machine processing time to spend in the range of
workspace machining center when cutter engaged with
the workpiece material.

When processing is used 13 different types of tools,
of which 10 tools for milling and drilling tools 3. You can
use the same tools Sandvik Coromant and in the case of
processing in FMS in the process of machining centers
and CNC machines tools, so that part of the plan there is
no advantage of tools FMS. The choice of the cutting
blade geometry and material tools can be made based on
recommendations from the manufacturer's catalog
Coromant.

In the conventional method of processing on CNC
machines altka processor board with 14 nests for plastic
injection molds, 52 needed technological operations, and
processing two upper mold plate 26 is necessary to
perform the technological operations. In the case of
processing in FMS, the processing of all 14 plates with
nests is performed in 22 operations, and processing of the
two upper mold plates are held in six operations.
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Total processing time on conventional CNC machine
tools for all 16 workpieces is TU = 4220 min, and the
processing of the FMS is TU = 4190 min, which is a
significant advantage (about 0.72%) on the FMS.

7. CONCLUSION

Given the low range of workpieces, the spatial
configuration of land for five-axle operating that do not
require treatment, but can be processed in troosnoj
processing, machine processing time, during the
preparation of workpieces, in this example from
industrial practice is preferred for the treatment of
autonomous processing center in relation processed in the
FMS. We should bear in mind the much higher costs of
depreciation and operating costs FMS compared to
conventional CNC machine tools and processing of parts
of smaller dimensions used in the treatment of troosnoj
specialized production facilities with conventional
machining centers and CNC machine tools. For
simultaneous processing of large workpieces asotimana
larger size in the small and medium series in viSeosnoj
processing, the advantage is on the FMS in comparison to
conventional machining centers and CNC machine tools.

8. REFERENCES

[1] Pecenica, N.: Projektovanje tehnologija za obradu u
FMS-u sa uporednom analizom konvencionalnih i
fleksibilnih  tehnoloskih sistema, Master's thesis,
Faculty of Mechanical Engineering Kraljevo, 2012.

[2] Nikoli¢, N.: Design of CNC Technology and
automatic generation of NC programs for the
treatment of working tools for the production of
plastic parts, Master's thesis, Faculty of Mechanical
Engineering Kraljevo, 2011.

[3] Djapi¢,M., Luki¢,Lj., Arsovski, S.: Integrated
Management  Systems  —  Requirement  of
Contemporary Business Practices, Proceedings The
Sixth Triennial International Conference "Heavy
Machinery HM 2008", Kraljevo, 24-29 June 2008,

pp-G.1-G.6.
[4] Lukic, Lj.: Flexible Manufacturing Systems —
Structure, construction, control and technology,

Monographs, University of Kragujevac, Faculty of
Mechanical Engineering of Kraljevo, 2008.

Autors: Novo Pefenica, MSc, Mech.Eng., University of
Kragujevac, Faculty of Mechanical Engineering Kraljevo,
pecenica.n@mfkv.kg.ac.rs, Prof. Ljubomir Lukié¢, PhD, vice
dean for scientific research affairs, Faculty of Mechanical
Engineering  Kraljevo,  University = of  Kragujevac,
lukic.lj@mfkv.kg.ac.rs, Nenad Nikoli¢é MSc, Mech.Eng.,
Faculty of Mechanical Engineering Kraljevo, University of
Kragujevac, nikolic.n@mfkv.kg.ac.rs, Doc. Mirko Papié, PhD,
assistant professor, Faculty of Mechanical Engineering
Kraljevo, University of Kragujevac, djapic.m@mfkv.kg.ac.rs.




2012

FEODUCTION
TECHNOLOGIES

11™ INTERNATIONAL SCIENTIFIC CONFERENCE
NovI SAD, SERBIA, SEPTEMBER 20-21, 2012

Popp, 1.0.

SOMES ASPECTS REGARDING THE MAINTENANCE OF BEARINGS

Abstract: This paper presents some aspects of diagnosis bearings in preventive maintenance and the importance of

bearing repair as an alternative to replacing them.

Key words: maintenance, diagnosis bearings, bearings repair.

1. INTRODUCTION

The growing investment machine tools and
production  systems  requires their  maximum
availability. The complexity of such systems, which are
highly automated and consist of many modules which
are linked and have to work together without failure,
increases the risk of breakdowns.

Monitoring is the automatic supervision of machine
tool functions (or of processes). The monitoring system
has to ensure that a machine works correctly without
malfunctions. The result of its operation is a
corresponding message about the machine state. This
test can be performed according to a plan, periodically
or continuously. A diagnosis system goes further,
identifying the incorrect function and the reason for this
malfunction. It gives an indication of the reasons and it
is initiated when an incident occurs or upon demand.
Different methods can be applied for M & D
(monitoring and diagnosis) [1]:

e signal-based M & D (heuristic);
model-based M & D with signal prediction;
model-based M & D on parameters;
feature recognition or classification;
knowledge-based M & D.

Considering the trends of manufacturing
developments, the following reasons can be pointed out
to explain why monitoring technology is becoming
more and more important in modern manufacturing
systems:

(1) Large-scale manufacturing systems should be
operated with high reliability and availability because
the downtime due to system failure has a significant
influence on the manufacturing activity. To meet such a
demand, individual unit processes should be securely
operated with the aid of reliable and robust monitoring
systems. Monitoring of large-scale systems is already
beyond the capability of humans.

(2) Increasing labor costs and shortage of skilled
operators necessitate operation of the manufacturing
system with minimum human intervention, which
requires the introduction of advanced monitoring
systems.

(3) Ultra-precision manufacturing can only be
achieved with the aid of advanced metrology and the
technology of process monitoring.

(4) Use of sophisticated machine tools requires the
integration of monitoring systems to prevent machine
failure.

(5) Heavy-duty machining with high cutting and
grinding speeds should be conducted with minimum
human intervention from the safety point of view.

(6) Environmental awareness in today’s
manufacturing requires the monitoring of emissions
from processes.

2. DIAGNOSIS SYSTEMS AND FAILURE
DETECTING

In current industrial practice there is an offer of a
wide range of products, from portable measurement
and control instruments, the continuous monitoring
systems and complete software to centralize and
evaluate the results.

Monitoring tools
measurements [2]:

e vibration measurements with FFT signal analysis
and automatic evaluation of results;

e shock pulse measurements to determine the

conditions of lubrication of bearings and early

detection of wear;

measurements of speed;

temperature measurements;

measurements of analog signals;

determining the resonance frequencies of the

machine;

o orbit calculation for sliding bearings.

cover a wide range of

These equipments detect operating faults since their
infancy, thus offering the possibility of planning repairs
or maintenance work, resulting in minimizing or
eliminating downtime of the production process.
A continuous monitoring system consists of sensors
installed permanent camps dynamic equipment and
connecting them to the monitoring unit. These sensors
can be, for example:
vibration transducer;
shock pulse transducer;
temperature sensor;
speed sensor; and more...

Measurement units of measurement signals have
specific responsibilities, local assessment of the
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measurements and conditional triggering of certain
local events (warning, open / close relay power supply,
etc.). And, last but not least, the transmission results in
different formats to a centralized unit (control room).

3. DIAGNOSING BEARINGS

All equipment for assessing and analyzing the
frequency made at this time in the world captures the
vibration signal, processes and provides information on
the technical state of camp, location and nature of
defect.

In modern industrial practice there are equipments
and work procedures based on this principle. It is
known that if a bearing get to vibrate, already bearing
is compromised and does not provide reliability.
It is shown a method of measuring and monitoring of
the lubricant film thickness rolling elements and
taxiways, which allow identification of the moment
when, for one reason or another (as lubricant,
additional tasks camps etc) film lubricant is thinning
and surface roughness of the metal balls / rollers and
roller paths, get in contact directly [3].

By this method it can be determined what led to this

situation, necessary corrections could be made in time,
thus coming back to "wellness" page.
Otherwise, the elements bearing wears, wear later will
lead to the appearance of vibrations. Only in the due
course, equipment to measure and analyze vibrations
proves their usefulness, but already too late: the bearing
is compromised.
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Fig. 1. Location and nature of the bearing defect

This method it called Shock Pulse Method (SPM).
The main advantage of the shock pulse method is just
finding its expertise in shock. When a ball / roller hits
the defective area path produces a shock wave in a
metal machine table. These shock waves are starting
with a short stroke that pays off quickly. In a recording
time displayed on an oscilloscope, these waves are
observed superimposed on the overall machine
vibration. When their frequency corresponds to the
frequency of crossing objects rolling or cage, is a
testament to the defect occurred in the capital. SPM
transducer shock wave excites the characteristic
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frequency ~ 32 kHz resonance, amplifying the signal.
Circuit analysis of electrical and mechanical signal is
calibrated to filter out other signals of vibration [4].

Due to the sensitivity shock pulse method can be
measured even overall lubrication of the bearing, the
parameter dBc. Filtered transducer signal reflects the
variation of pressure in the contact area between rolling
objects and ways of rolling bearings.

When the lubricant film is thick, the shock pulse is
low, no significant peaks (green). Level increases when
the lubricant film thickness decreases, but still not
present significant amplitude components (yellow
area). Wear causes strong pulses at irregular intervals
(red zone- Fig. 2).

The shock pulse method can be extended by
performing an FFT analysis (Fast Fourier
Transformation) of the signal taken, leading to more
thorough analysis possibilities [4].

By identifying each bearing their own frequent
(symptoms can now be identified these common SPM
spectrum, thus diagnosing component even showing
wear (running path inside / outside, roller / ball, cage).
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Fig. 2. Lubricant film thickness measurement

The advantages of implementing a maintenance
system based on periodic measurements and analysis of
shock pulse signal:

e Saving of materials and spare parts;
e Shortening the residence time in repair;
o Increasing the availability of equipment .

Basically, measurements are performed on all
equipment camps (Fig. 3). The instrument acquires a
sample shock pulse signal, it breaks down, the Fast
Fourier Transformation (FFT), resulting in SPM
spectrum, and where frequencies are shown in the pulse
occurs predominantly from running bearing.



Fig. 3. Measurements of the machine bearings

In terms of defects that can be detected can include:
e lubrication failure / improper camp;

early wear on the outer raceway;

early wear on the inner raceway;

early wear on the roller rolling object / ball;
wear the cage early.

Specialized software associated test equipment must
contain a rich database symptoms being able to
automatically diagnose the probable causes of failure of
bearing.

At the end of a round of measurements, it releases
a report of measurements, including assessment of
shock pulse signal level standards in force, diagnosing
and locating possible causes of wear of the bearing and
the recommendations on what action should be taken
when appropriate.

4. BEARINGS REPAIR: AN ALTERNATIVE TO
REPLACEMENT

Bearing repair is not a new concept, nor has it
changed a great deal over the years — and that's good
news. Repairing damaged bearings is a precise science
that has been fine-tuned over time through careful and
gradual enhancements to provide superior results.

Just as new designs and technologies improve
bearings, growing expertise and technology of bearing
repair continues to increase the reliability and
performance of reconditioned bearings, keeping it an
economical alternative to purchasing new bearings
Knowing and understanding the value of bearing repair
means knowing what repair can do, when to use it, and
where to get it done.

4.1 When to repair
Although it offers many benefits, reconditioning is

not always the best option for a damaged bearing. The
challenge of properly utilizing bearing repair services is
determining if and when a bearing needs repair, and
deciding which options is the best economical and
long-term decision.

e Visual inspection serves as the first step in deciding
if a bearing needs repair. Careful review of
additional criteria assists in determining the need
for repair, such as:

e |s the bearing nearing or has it exceeded its
suggested life expectancy?

e Have operating temperatures exceeded 200 F?

e Has the bearing been exposed to excessive
vibration?

e Has the bearing been subjected to sudden changes
in lubrication or temperature?

Early detection of a problem through routine checks
can spare companies' unnecessary downtime and
expense and help to capitalize on the capabilities and
benefits of bearing repair.

Regardless of the manufacturer, type of bearing, or
application, proper treatment may preserve a bearing
and restore it to like-new condition for continued use.
Bearings with little or no damage often can be
reconditioned and recycled easily and at low cost.

4.2 Remanufacturing process

Once a bearing is damaged, it should undergo a
rigorous process to determine if it is a candidate for
repair.

Bearings to be repaired should be thoroughly
cleaned. Next, and the most critical step, is a detailed
inspection on 100% of the bearing. Inspection begins
with a careful review for major damages such as
fractures, significant spilling, and bluing due to
excessive heat. Any evidence of these usually results in
scrapping the bearing.

If the bearing passes the first stage of inspection, it
should undergo further review. This step serves to
reveal a mode of damage, assessment of damage, and
the scope of repair. The degree of bearing repair
typically fits into three types [5].

Type | reconditioning is used for minor trouble spots
and includes polishing, resetting of internal clearances,
and spot grinding of any small surface defects to
prevent further damage.

Type Il repair is for bearings with more extensive
damage. This level involves major procedures such as
regrinding of races, new spacers, and polishing of the
bore and cup OD. The regrinding of raceways will also
necessitate the manufacture of oversize rollers to
maintain bearing geometry and clearance.

Type 111 remanufacturing takes Type Il repair one step
further by replacing one or more of the major
components of the bearing that are not repairable.
These levels of repair have traditionally been suited for
bearings with a minimum bore size of 200 mm.
However, reclamation service can be done for bearings
as small as 75 mm.

Smaller bearings that were often thrown away can
now be repaired if there are large quantities. Cleaning,
inspection, and the application of a polished finish can
return used bearing to good-as-new condition for a
fraction of the cost of replacement.

Turnaround time on reconditioning and repairs can
be as short as 2-4 weeks, depending on the needed
repairs. Companies utilizing bearing repair should
always request a complete quote, including cost and
estimated repair time, when requesting any type of
repair service.
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4.3 Expertise in bearing repair

Technology and material advancements contribute
to an increased potential for bearing remanufacturing
and reconditioning programs. However, experience in
recognizing and treating various types of damage is the
only way to guarantee an accurate inspection and
proper repair.

It is important to have any bearing repair performed
by properly trained and experienced personnel, because
unnecessary repairs can lead to additional damage and
limited bearing life. Common reconditioning mistakes
include [5]:

e Improper roller polishing that creates flat spots
e Excessive deep spot grinding
e Mixing of preset components.

In addition to expertise, proper equipment is
required not only to fix the problem, but also to ensure
all damage has been reviewed and addressed.
Magnifying glasses and proper lighting and measuring
equipment are essential to perform thorough
inspections and repairs

5. FINAL REMARKS

Repair after damage their equipment is expensive
and takes time. Repair equipment based on the humber
of hours of operation is expensive and it is possible to
scrap parts that would have run.

Simple measurement of vibration will indicate if the
vibration is normal, still acceptable or unacceptable,
but we will provide information on which the defect
and where it is located. The problem is more
complicated for complex machinery where vibration
evaluating a camp, we will not know if they come from
working, the clutch, the gear etc.

The advantages of implementing a maintenance
system based on periodic measurements and analysis of
vibration signal:

e Saving of materials and spare parts;

e Shortening the residence time in repair;

e Increasing the availability of equipment for
production.

Bearing design takes into account the use and
application of the bearing and establishes an
appropriate prediction for service and fatigue life. No
matter who the manufacturer is, bearings often deviate
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from these expectations due to factors such as
contamination, inadequate lubrication, and
misalignment.

When a bearing is damaged, the entire machine of
which it is a part suffers. Conventional practice
suggests that a damaged bearing should be scrapped
and replaced. The growing popularity of bearing repair
has helped companies understand its value by
providing an efficient and cost-effective way to resolve
the problem.

Bearings often can be returned to original
specification for less time and money than purchasing
new ones. A quality repair and reconditioning program
can result in significant savings compared to discarding
and replacing bearings. Depending on the scope of the
work, bearing repair can save as much as 50% to 90%
of the cost of purchasing a new bearing. Beyond the
cost, repairs often save time compared to ordering
replacement bearings, reducing costly downtime.

Another value-added service of bearing repair is
using damage analysis as a tool to identify difficult
conditions and prevent future problems.
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OPTIMIZATION OF THE SPINDLE-BEARING SYSTEM

Abstract: The quality of machine tools is critical in determining their productivity and the accuracy of the finished
work piece. The headstock of the machine tool has the greatest impact on these parameters. The tool or work-piece
holder must meet specific demands for maximum speed and rigidity. These two parameters are variable, but always
in contradiction, and depend mainly on the Spindle-Bearings System (SBS). In this context, SBS are increasingly
being produced in combination with roller bearings, and with various combinations of radial ball bearings with
angular contact. This is mainly because the radial ball bearings allow groupings of different combinations to
achieve the optimal compromise between the required maximum speed and the desired stiffness of the SBS. Stiffness,
especially in ball bearings, is not constant but dependent on the magnitude of the load. The SBS is a statically
indeterminate system, and an accurate calculation of the bearings and its nodes, as well as the whole system, is only
possible using iterative methods. Maximal speed and rigidity depend of maximal temperature and of stiffness SBS.
Selection of the optimal configuration is achieved by analyzing a number of potential, alternative SBS solutions.
Depend on arrangement radial ball bearings with angular contact in bearings nodes is changing preload in
bearings and temperature. It has very big influence to maximal speed and rigidity bearings nodes. The paper
presents original procedures for simplified bearing node calculations in relation to temperature.

Keywords: ball bearings with angular contact, bearing nodes, spindle bearing system (SBS) machine tool spindle,
stiffness, high speed, temperature optimization of SBS.

1. INTRODUCTION cutting process. The Spindle-Bearing System‘s

stiffness also influences the final surface quality,

The number of headstocks supported on ball
bearings with angular contact is increasing
proportionally with the increasing demands on the
quality of the machine tool [2]. This is because these
bearings can be arranged in various combinations to
create bearing arrangements which can enable the
reduction of both radial and axial loads. The possibility
of varying the number of bearings, their preload value,
dimensions and the contact angle of bearings used in the
bearing nodes, creates a broad spectrum of
combinations which enable us to achieve the adequate
stiffness and high speed capabilities of the Spindle-
Bearings System (SBS) [2], [3]. Adequate revolving
speed and stiffness of the headstock are necessary
conditions for meeting the manufacturing precision
quality and machine tool productivity required by
industry.

1.1 Stiffness

The total static stiffness of machine tools is create as
a serial spring arrangement all parts of machine tools
and it is evident that the resulting stiffness machine tool
is limited by the stiffness of the weakest part - Spindle-
Bearings System. Amongst all the elements, the
Spindle-Bearings System of the machine tool plays the
most important role.

From results of structural analyses, the headstock
can be considered as the heart of the whole machine
tool. The design and quality of the machine tool must
respect the quality of the drives and their features. The
headstock (as tool, or work-piece carrier), has a direct
influence on the static and dynamic properties of the

profile, and dimensional accuracy of the work-piece.

The headstock stiffness must be calculated
according to the deflection at the front end of the
spindle, because the deflection at this point directly
affects the precision of the finished product. The
deflection at the spindle front end is the accumulation
of various other, more or less important, partial
distortions. The radial headstock stiffness can be
calculated as follows:

F
K, = (1)
er
Resulting static distortion of the front-end spindle

equals
Ve=Yor it yitvat vt yotyn  (2)

and depend from:
¥ - deflection of the spindle from bending moments
y1 - bearing compliance
y; - spindle deflection by transversal forces
y.- axial forces
y,- deflection of the headstock box
ys - stiffening effect of bearings
¥, - drive forces

Our experience has shown that whatever
mathematical method and software is used, the spindle
distortion caused by bending moments y, and by
bearing compliances y, have the greatest influence on
the resulting front end spindle distortion, [6].

Then

Yre= Yo + Y (3)
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where the distortion caused by bending moments is as

follows:
2
o )
3E|J, J,
and the deflection caused by bearing compliance is as
follows:
_E|a (L+a) (5)
TR, K,

The resulting static distortion of the spindle front-end
can be explicitly described by a multi-parametrical
equation in the form of:

yF = f [E, Fr, a, L, Jg,, (Dg, da) JL (DL, d[), KA, KB, p]
(6)

and depend from:

- spindle material and dimensions (£, D,, d,, D;, d;)

- loading forces position, orientation and magnitude
(£, N, 1R, b)

- bearing arrangement configuration and stiffness (K,
K5)

- spindle and bearing arrangement space configuration
(L, a)

- spindle box construction (ka, P)

1.2 Speed
The productivity of a machine tool can be increased in
at least two different ways:

a. Externally - by shortening working time - within a

working cycle

b. Internally - by reducing machining times

(increasing the cutting width) - technological issues
The philosophy of intelligent manufacturing systems
applied to production processes minimise lost time.
Further reducing lost time is expensive and has limited
effectiveness at current levels of technological
development. It has been shown that increased
productivity can be achieved for example by changing
the cutting speed. However this has a direct effect on
tool life and on the dynamic stability of the cutting
process. The cutting speeds in machining processes
depend on the technology applied, the cutting tool, and
the work-piece material. The cutting speed also relates
directly to the high-speed capability, and average
diameter, of the bearings, the so-called factor

N= nmax-dmid (7)

Thus, from the point of view of the required cutting
speed, the most important factor is the revolving
frequency capacity of a spindle which is supported on a
bearing system. The calculation of the headstock’s
maximum revolving speed is relatively simple. The
highest revolving speed of a bearing node is calculated
on the basis of the highest revolving speed of one
bearing, multiplied by various coefficients reflecting the
influence on the bearings, the bearing arrangement,
bearing precision, their preloaded value, and lubrication
and cooling conditions.

2. ARRANGEMENTS OF NODAL POINTS

The number of spindle bearing systems supported on
ball bearings with angular contact increases
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proportionally with increasing demand on the machine
tool. Usually, radial ball bearings with angular contact
arrangements in their nodal points contain 2, 3 or more
bearings. By varying the bearings and their
arrangement in the bearing nodes (DB, DF, DT,
TBT,TTF, QBC, ..), the value of the contact angle,
magnitude of preload, and type of flanges can be
optimized to suit the required, resulting stiffness and
speed-capability of the spindle-bearing system.

2.1 Criteria for selecting the arrangement of
bearings

Spindle mountings using only radial bevelled bearings,

(table 1), [10] can be divided into 2 basic types:

e spindles mounted on bearing nodes with
“directionally” arranged bearings, with equal
orientation of contact angles in each nodal point,
17, <27, “3”, and “7” scheme in table 1.

e spindles mounted on nodal points with bearings
arranged according to shape “4”, “5”, “6” scheme
in table 1. Bearings are arranged in “O” or (X)
shape, in combination with “T”.

A typical feature of the nodes of spindle bearings is the

application of pre-load, which provides the stiffness of

the nodal point and reduces any skidding of the rollers
at high revolutions.

Pre-load can be achieved through three flange design

principles:

a)Sprung flange: thermal expansion (dilatation) is
eliminated by changing the length of the elastic
materials positioned between the flange and the
bearings, which ensures minimum change in the pre-
stress value.

b)Stiff (Rigid) flange: provided by a fixing nut or
casing. This design provides better stiffness
characteristics. The pre-load value is changed due to
the influence of thermal dilatation.

c)Controllable flange: axially adjustable (by means of
hydraulics), which ensures the required pre-load for
different operational conditions.

The highest values of the coefficient “N” can be
achieved by using spindles mounted on nodes with a
“directional” arrangement of bearings, “1”, “2” and
“3”. When used in conjunction with the controllable
flange, the correct types of lubrication and cooling,
speeds which are comparable with the maximum
revolutions of the bearings themselves can be
achieved. Thus they can be applied in high-speed
machining [10]. These mounting types, in combination
with the sprung support, are mostly used for grinding.
For difficult technological operations requiring
considerably higher stiffness in the radial and axial
directions, nodal points with bearings arranged
according to shape “4” and “6”, together with fixed
supports are typical.

There is negligible use of hybrids of the basic types of
mounting (mounting “5”’), as shown in table 1. In such
cases one nodal point has bearings arranged according
to shape, while the other has directionally arranged
bearings. The pre-stressing in the front nodal point is



ensured by a stiff flange and in the rear nodal point by a
sprung flange.

3. OPTIMIZATION OF THE SPINDLE-
BEARING SYSTEM IN RELATION TO
TEMPERATURE

In addition to the bearing arrangements, the
temperature properties of the bearing supporting node
have an increasingly greater significance on the high-
speed capability of the bearing. The main goal of this
section is to show the SBS design under real operating
conditions, taking into consideration the temperature-
related behaviour of the spindle and bearing nodes.

CONFIGURATION

Seq. N= i 10° .
No. | Rear bearing | Forward bearing [mm.min”'] Characteristic Use
node node
%) Q
2 _ } - single direction of rotation i
L Q 59/ 12-25 - light axial and radial loads grinding internal holes
T1=1, t2=0 t1=0, t2=1
; |
© 2 Q - suitable for extremely short finishi hi
2 - X 0,8-1,6 spindles - IISAINg machines
’ O, Q@ ? ’ . . - drilling of deep holes
. . - medium axial loads
lel, t2=0 t1=0, t2:2
© Q0 Q0 o
= o 5, . . - grinding internal holes
3 — F— 0.8-14 - medium radial loads - milling
Q @ O O - very common method of use - drilling
T1:2, t2=0 t1:0, t2:2
@ @ @ ® - grinding
4 | e o o 0,6-1 - machining gt metals - precision drilling
o O o @ - turning/ lathe
lel,tzzl tlzl,tzzl
o SN
L L O Al
50075 4 0,5-0,9 - medium axial loads drilling of decp holes
© ®©0O0 - milling
lel, t2=0 tlzl, t2:2
00 098 N
6 ; 3 F— 04-009 - medium axial loads - turning/ lathe
’ (\:) ©) OO0 I/ ’ ’ - very common method of use - drilling
lel, t2:1 tlzl, t2:2
© O QQQ@
7 % = 03—0.6 - high axial loads - milling
’ © ® @ @ @ ? ’ medium radial loads - boring
T1=2, t2=0 t1=0, t2=3

Table 1. Type of SBS using radial ball bearings with angular contact [10]

The value of the changes in SBS temperature
depends on the temperature gradient, the type of bearing
arrangement (DB, DF, DT, ...), the contact angle of the
bearing, and the distance between the bearings arranged
in the node.

} A
B :‘

Fig. 1. The Headstock of the precision boring machine
DB 24 fy. Ex-Cell-O GmbH., Eislinger, [8]

The analysis identified the optimal stiffness, which
was then applied to the headstock of the DB 24 fy. Ex-
Cell-O GmbH., Eislinger precision boring machine,
Fig. 1, [8]. The stiffness of the given example was
analysed using the application software “Spindle
Headstock” [3], developed in our department.

3.1 The optimisation of shs with regard to
temperature

The temperature dilatation of the spindle can be

described by the equation:

AL=A LAt (3)
If the distance between the bearings in the "DB”
arrangement is short (Figure 3a), the dilatations in a
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radial direction is greater, [18]. The temperature
gradient causes the dilatation of the inner bearing rings
to be greater than that of the outer rings. Consequently,
the original preload increase in temperature will be
higher in the bearing node. The elevated temperature
will influence the temperature gradient, and the preload
value could cause bearing node failure.

The optimal bearing separation distance from the point
of view of temperature can be deduced from:

Lt e, -24,) (1 )
t, —t, sina

Figure 2 shows the change of optimal bearing

distance at various values of the temperature gradient

for the analysed SBS, Figure 1.

B :Dm .COSO.’

mopt

sina

Bm (mm) AFp (N)
400 Bm =f ( At) 40
350 35
300 / 30
250 tl = 70 stC, to= 20 stC / 25
200 || BZ0-at - 20

Bearings B 7016 CTB
150 Bearings arrang.: O / 15
100 — 10
/
50 ___— ~AFp=f(At), Bm =27mm 5
0 0
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
At (stC)

Fig. 2. The inter - dependence of bearing preload
change, ideal distance between bearings and change of
temperature in the bearings arrangement system.

3.2 Recommendations for improvements in

construction

The recommendations from the point of view of
temperature optimisation for the DB 24 SHS boring
machine are based on the results of the analysis
undertaken. From the perspective of temperature, it can
be seen that a change in bearing node arrangement to
individual spindle supports from "DB” to "DT” would
be advantageous, Fig. 3.

Fig. 3. Model of the spindle
4. OPTIMIZATION SBS

The application software is used for calculating the
SBS of machine tools supported on rolling bearings.
The programme enables us to determine all elements
and calculate the properties of the spindles and shafts
which are supported on rolling bearings. The
application software enables very fast and user-friendly
calculation of the radial spindle stiffness in the bearing
arrangement in a bearing unit.

The architecture of the programme contains a
number of mathematical formulae which have been
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experimentally verified. These models respect the
conditions of the spindle working accuracy in terms of
the external load cutting forces, driving forces, and
also spindle rotation speed.

The basic interactive programme offers:

1.

the ability to input user-determined conditions for
the calculation and optimisation of the spindle
fitting system;

the ability to select the most appropriate bearing or
bearing node arrangements (Figure 4). Data about
selected bearings can be ganed from extensive
databases according to the users requirements
within the bearing inner diameter range:

the identification and selection of the standardized
spindle nose for turning, milling, grinding and
boring;

4. the choice of the design parameters and spindle

suitability for different working conditions
(working accuracy, preloading, flange type,
lubrication system, cooling), Figure 5;

the calculation and optimisation of the cutting
parameters for the required material to be
machined (cutting force, torque, feed , power),
Figure 6;

Calculation and optimization of the design and
fitment with regard to the applied conditions
(revolving speed, radial stiffness, axial stiffness,
rating life ) for the bearing units and the fitting as a
whole, for all of the identified bearing types.

Results for spindle with arrangement DT - B - DT.

Rear support Front support
Bearings
- type. 2pc. [B7016 CTB]
2pc.[B7016CTB]
- arrangement: << >>
- grade: P4 P4
Preload: Light Light
Flange: Fixed flange Fixed flange
Max. speed (min‘l):
7N, =5 256 Pnp.,=5 256
Pre-load (N): ZF, =404 PF,=402 N
Reactions (N): R, =205 Rg=1205
Radial stiffness (Nmm'l):
Kia =530 630 K.g =483 969
Axial stiffness(Nmm-~ 1 ):
Kaa =141 436 Koa =141 436

Durability (hours):

Bearings distance (mm):

Thnz=2753228 T.p= 829951

L =297

Total displacement at the end (mm):

YiLiay = 0.00436617

Total stiffness (Nmm- 1 ):

K. =229 033

Optimal values
Optimal bearings length (mm):

Lopt =317.2

Optimal displacement at the end LOpt (mm):

Yrmin = 0.00436088

Optimal stiffness(Nmm'l):

Kireope = 229 311



Hrite input data on mnarked position t
Desired data confirm by ENTER ft
Allowed interwal = | Input data
Hanufactured bearings Al fal= arad
umber Designation d Alfad D D; ::
1 B 7224 CATE iz20 12 215 B= MM
2 B 7224 CTB 120 13 215 dianster df= a1t
3 B 7224 ATEB i20 25 215 dianater du= Ll
3 B 7224 AATE 120 26 215 radius rA= Tt
35 B 7024 CATE iz20 12 180 radius ruU= MM
& B 7024 CTB 120 135 180 dH= nM
T B 7024 ATEB i20 25 180 chA= H
- 8 B 7024 AATHE 120 26 ia80 T
Select bearing nun. @ 1 zil b Lar
F1—HMew *dt
C1l-Cont inue
FZ2-Uariants
F3-Data
F4-Cancel
F3—-Database
=
% Uariant-17 ariant—
- 1]
—_—]
T
C 1]
ngT"

Fig. 4. Changing data of the bearings mounting

Front support

Ctrl1-F1 Help
F1 — Continue
Enter - Current speed and pre— load

Bearings grade Pre— load
Ho

Light
Med iumn

Max. speaed 315301 min

Cooling

il Additional cooling

Good cooling

Bearings grade

P2
- |
PS5

Operating speed M F2Z2001/min

If not suitable change work.conditionst Mao: . speed ZHMimarc= FTEOL mMmin

Fig. 5. Entering preliminary data for the bearings conditions

0,007 +

0,006 +

0,005 \\
0,004 —yC

—
p=3 yO
> 0,003
—yF
0,002
0,001

0 50 100 150 200 250 300 350

L (mm)

Fig. 6. Graphical output of the dependence of partial deflection on bearing node distance
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In comparison with the original bearing node
arrangement, the radial stiffness of the rearranged
spindle-bearing system will drop slightly, but its axial
stiffness will increase. The advantage of the
reconfigured SBS is that at real mean values of
temperature gradient, the SBS stiffness will be almost
fixed.

NOMENCLATURE

N - high-speed ability

E - modulus of elasticity of the material
J — quadratic moments of inertia

i — number of bearings

o — contact angle

D, d — diameter

n — high spindle revolutions

L- distance between bearings nodes
a- spindle front-end

K - stiffness

R- reactions

y - deflection

INDEXES
a- axial direction
r — radial direction
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ANALYSIS ON THE METHOD AND DEVELOPMENT OF THE MODEL
FOR THE TOOL WEAR CONDITION MONITORING SYSTEM

Abstract: The paper presents the acquisition and signal processing methods for separating significant features
which are the topic of contemporary research in order to increase the efficiency of the tool monitoring system. The
research and development of such system imposes a demand to find a fast and secure monitoring of the tool wear
condition in the turning process. To fulfil the set demands for solving the set problem, a concrete tool monitoring
system model is presented, following the requirements specified for the contemporary monitoring systems. The
presented solution utilizes the vibration accelerating sensor set in the close range to the cutting zone, on the tool
shank, which is then used to separate the features for the tool condition identification.

Key words: Tool wear, sensors, signal processing

1. INTRODUCTION

The realization of the constantly present
requirements demands to increase the degree of
reliability and flexibility of the processing system all
the time insuring the set product quality. In that sense,
one of the most significant tasks imposes the
development of the system for tool monitoring and
processing that will be able to identify the condition of
the tool and the processing system in the real time [1].
The fulfilment of the set demands for the product cost
rationalization enables the usage of new technologies.
Active participation of a larger number of researchers
in overcoming the present problems has directed the
research focus on topics such as the following:
selection of the sensor type [2], sensor fission and the
application of a multi-sensor system, signal processing
and the choice of the function for selecting the sensor
signal / feature separation [3], experiment design and
setting [4], and selection of an artificial intelligence
technology [5]. Designing a system for tool and process
monitoring in machining systems is problem-oriented.
Therefore, the selection of a sensor system and sensor

properties is closely related to the specific
characteristics of the machining operations.
Contemporary intelligent systems for tool wear

monitoring in the cutting processes should have good

enough properties in order to replace and improve the

conventional systems and should allow the possibility
for continual, fast and precise determination of tool
wear condition, in order to:

e Increase the degree of safety of a processing
system, especially important in the situations of
high wear degree and tool fracture,

e Enable the optimization of processing parameters
considering the demanded tool stability, and
considering the technological process limitations,

o Insure the necessary dimensional workpiece
stability and the quality of the processed surface,

e Additionally rationalize the production costs.

2. GENERAL DEVELOPMENT PROPERTIES
OF THE TOOL MONITORING SYSTEM

Respecting the set demands, one of the possible
solutions for the development of an intelligent
monitoring system comprises the following key steps,
illustration on Fig. 1 [6]:

e Sensor selection: The cutting process can be
characterized by diverse physical values. The
adequate sensors, such as dynamometers, AE
sensors,  momentum,  power/stress  Sensor,
temperature, and the like transform the physical
quantifications into appropriate electric signals. It is
important to consider the reliability of each sensor,
the price and the purpose in order to select the most
appropriate sensor system to monitor a certain
phenomenon.

e Signal processing: Signal processing can be more
or less complex. It is related to amplifying and
filtering the signal (analogue low-pass frequency,
wide band-pass, or high-pass frequency filters).
Sampling frequency is limited by the acquisition
device properties and it has to be considered in
order to avoid disturbances. Furthermore, the
application of digital signal processing using digital
filters and the signal segmentation operation are
considered to be able to remove (withhold) a part of
signal being of interest.

o Feature separation: Sensor signal has to be
transformed with the possibility to describe the
signal in an adequate, satisfying manner. Many
diverse methods are being used for this purpose,
like time domain, frequency domain and wavelet
domain.

o Feature selection / significant feature choice: In
order to develop a robust and reliable monitoring
model, it is important to use the properties that best
describe the machining process. The function of
selecting and separating features presents two
methods that enable the definitions of the most
useful sensor properties.
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e Process of modelling the available knowledge.

— (a) Setting the experiment: Performing the
processing experiment, as well as modelling,
present the economically expensive and long-
term processes, so the well designed experiment
has to enable the application of the acquired
knowledge onto a monitoring system in the
industry.

— (b) Artificial intelligent methods: Monitoring
systems demand for reliable models capable of
being trained for complex non-linear relations
between the variable process performances and
variable machining processes. The adequate
selection of an Al method has a key significance
for developing reliable processing models. This
selection mostly depends on the number of
experimental samplings, stochastic process
nature, demanded model accuracy, explicit or
implicit model nature, and previous knowledge

on the technical process.

Integration of the sensors for monitoring and for
process control is an approach expected to have a great
impact on the production in a period to come [2]. In
practice, two monitoring methods are generally
accepted: direct and indirect. Direct methods include
laser, optical and ultrasound sensors that enable direct
measuring of the tool wear condition. These methods
are still very expensive and have a limited application
in production surroundings [3]. On the other hand,
indirect methods are more economic for the machining
process monitoring since they use sensors that define
the machining process condition by measuring the
cutting  forces, vibrations, temperature, power
consumption, etc. In practice, there are four types of
sensors that are widely applied in monitoring the
machining process condition; these are dynamometers,
accelerometers, AE sensors and power sensors.

Physical
quantification

Sensors

@ M Dynamometers

Accelerometers

AE sensor

\- o

a Power sensor,
a ...efc

o
a
|

Signal processing

Amplification
Conditioning
Analogue filtering
Digital filtering
Segmentation

Amplification

and filtering

Features generation
Time domain:
mean value, RMS, ...
Frequency domain:
PSD, harmonics, ..
Wavelet domain: wavelets, ..

| Generated |
features

Design of Experiment

- Experimental limitations

- Knowledge model

- Design experiment (full factorial
fractional, Surface Response ...)

Selection of
Al method
- Experimental initiation

- Al method (ANN, Fuzzy, Neuro Fuzzy, | - Selection of feature subsystems
Bayesian networks, HMM...)

Features
Selection / extraction

- Feature ranking

- Principle Component Analyzing (PCA)}

Features |
| Dii'?:g‘il | selected
extracted
[ Knowledge model process J
Diagnosis
Prediction
Forecast

Fig. 1. General model for the development of an intelligent system for tool and machining process monitoring
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3. MODEL FOR THE TOOL WEAR
MONITORING SYSTEM

The application of prior experiences in the
development of diverse system models based on the
application of artificial intelligence and presented in the
read papers has served as a good starting foundation for
the development of a new model. Considering the
previously stated facts in the introduction, the
following demands have been set for the development
of a new laboratory system:

e Usage of a sensor for vibration acceleration
measuring in order to properly detect dynamic
properties of the cutting process and implement
them into the monitoring system.

e Usage of new algorithms in the application of
artificial intelligence in the field of tool wear
monitoring based on the application of a priori
knowledge on the tool wear condition.

e Finding a satisfactory manner to separate the vector
of input properties by applying transformations in
the time-frequency domain.

On applying and including these demands, the model

for the tool wear monitoring system has been

developed and it is presented in Fig. 2.

System for
tool monitoring

Y

Subsystem for
data preprocessing

Y

Subsystem for
fuzzy classification

h 4

Subsystem for
design

Y

Tool wear
condition

Fig. 2. Algorithm of the developed system

System model can essentially be observed through
three segments unified in an entity. The developed
segments (subsystems) of the tool wear monitoring
system are the following:

e Subsystem for data preprocessing,

e Subsystem for fuzzy classification,

e Subsystem for design.

3.1 Development of the subsystem for preprocessing
The structure of the subsystem for preprocessing

can be observed through three phases. In the first phase

known as the data fuzzy-acquisition, data acquisition is

performed from the sensors, together with the selection
of the filtering band. In the concrete case, the
application of the low-frequency Butterworth filter, the
filtering of diverse types of noises that deform the
measuring signal is performed.

The selection of the filter type primarily depends on the
type of the monitored signal, tool properties, machine
properties, workpiece properties, processing
parameters, as well as other processing conditions.
Within the performed research, the “Leung-Malik” LM
set has been used for filtering the vibration signal
spectre since it presents a multi-scale and multi-
oriented filter bank with 48 filters. Two versions of the
LM filter bank have been considered. The filters occur

in the basic scale ? ~ {1’ V2, 2’25} . On the application
of the first and second derivative, filters occur in first
three scales with the elongation factor of 3 (i.e. cx = oy
and ox = 3oy). Laplace operator occurs in four main

scales, while 8 filters occur in %~ {l’ﬁ’z’zﬁ} . The
large LM (LML) filters occur in the basic scale
a={J7,2,2J?,4} [7].

presented in Fig. 3.

ESNIREE=NN0ZE
ESNNAE= S N7E
ENNDEE - S e

- .« «EEEE

Fig. 3. Leung-Malik (LM) filter bank [7]

The expended filter bank is

3.2 Defining the input property vector

Considering the observed methods for feature
separation presented in the existing literature, i.e.
considering the applied solutions for input property
vector separation and the statement that this is not
properly and adequately applied, this paper has selected
the following statistic parameters for the input vectors
of the system: mean value, mean value deviation,
asymmetry coefficients (Skewness) and excess
coefficients (Kurtosis), in statistics known as central
moments. For continual uni-variation distribution of
probability with the probability density function f(x),
the mean value moment is L.

& +00
k)= E [ —E ()T () (e
w (1)
Since the distribution function is unknown, the
expectation assessment is performed, where:

E(x)z% g Xi
=1 )

ix)=E [(X—E(X))k]:%gl( Xi_%glxj]k 3)

The moment of generated function of the random
variable X can be written as:

M(t)=My (t)zEletX J @
where ¢ is a real number, and one should bear in mind
that M(t) 1 + tX + t2X2/2! + t3X3/3! + .... if pn =E(Xn)
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is the n-th moment of X; hence, one can write the
expectation:

t2 tn

M) =1+ e +E22 s

2! n! 5)
Since the coefficient 7' in the Taylor’s order M n(0)/n!,
where M n is the n-th derivation from M, and then
un = M n(0). The characteristic function is
approximated via moments, and moments present the
input property vectors for the fuzzy classificator.
Distribution is obtained on the basis of first four
moments for the frequency spectre bands on applying
the Discrete Fourier Transform (DFT). On the filtered
signal, the Discrete Fourier Transform has been
performed and the obtained spectre form is presented in
Fig. 4.
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Fig. 4. Spectrogram of the filtered signal

For further analysis from the obtained signal
spectrogram, the upper part of the signal spectre, the
high-frequency segment marked on the Figure, has
been separated due to the set hypothesis that there are
discriminative features characterizing the cutting tool
wear condition in that spectre segment.

By separating the upper band of the signal spectrum,
Fig. 5, the observation is focused only to that spectre
segment. By applying this method, the influence of the
PSD is decomposed, thus increasing the feature
discrimination applied in the fuzzy classificator.
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4. CONCUSIONS

The presented problems in the paper include the
observations on the influence of tool wear onto: (i) the
segmentation and formation of the certain chip shape;
(i1) the development of vibrations in the close range to
the cutting zone which occur due to the chip
segmentation shape; as well as (iii) the development of
a fuzzy classificator for the continual monitoring of the
cutting tool wear during the turning process, based on
the application of indirect monitoring methods. The
continual tool wear process monitoring is considered to
be one of the most complex methods whose applicable
industrial solutions are still not on the desired level.
The selection of the signal for tool wear monitoring is
one of the most significant segments in the
development of the tool monitoring system.
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TRIBOLOGY and SELF-ORGANIZATION

Abstract: As indicated by tribology, friction and wear are monitored by the behavior of the third body, which
divides and unifies contacting bodies. Adaptation to the dynamic conditions of contact interaction is often realized
by self-organization and synergy mechanisms. One of the phenomena of self-organization - the selective transfer of
material between the friction surfaces, leads to reduced wear and friction in the contact zone. The problem is
significant seeing that investigations of the selective transfer resulted in development of new lubricants, wear-
resistant and self-healing materials and coatings used in exposed operating conditions, as in aircraft, mining

industry, space research, etc.
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1. INTRODUCTION

Being the science and engineering of surfaces in
contact, tribology studies the processes in contact
systems with emphasis on processes in the contact, i.e.
in the interface between solid surfaces or between a
surface and a fluid. The interaction of ‘“contact
systems” with the environment and the exchanged
mass-, energy- and information flows make of them
“immersed systems”, S0 their behavior becomes
informative if only they are regarded as imbedded into
their milieu. Self-organization is the spontaneous

creation of a pattern out of the local contact
interactions.  The  usefulness  of tribological
investigations in self-organization resides in the

comprehension that the contact body could be
“trained”. Under specified circumstances, structures of
the contact body can be formed spontaneously like
surface arrays of clusters with wished micro- and nano-
size and spacing [1+4]. The spontaneity is consequence
of an impact given by the researcher of the process,
stimulating the release of internal mechanisms for the
formation and maintenance of those structures, in
accord with the validity of the principle for minimal
entropy production, which determines the self-
coordination of the flows of energy dissipation, heat,
absorbed energy, wear, temperature gradient, structure
imperfections, etc. So the system is able to pass from
one balance state to another one, more adequate to the
external conditions [5]. The problem of the character
and extent of the admissible external affect is sought in
system ability to rearrange its structures and
homogenize its elements in a manner to become most
adaptive to the modified external circumstances.

The paper will focus on the phenomenon of self-
organization during selective transfer of materials in
the contact of friction surfaces and the tribological
processes that take place during friction under
conditions of selective transfer.

2. TRIBOLOGY and SELF-ORGANIZATION

2.1 Tribology

Overall said, tribology is the science of contact
interaction, mostly concerning the processes of friction,
wear, lubrication, hermeticity, contact conductance, etc.
Tribology is defined as ‘The science and technology of
interacting surfaces in relative motion and of the
practices related thereto. Tribology encompasses the
science and technology of friction, wear and
lubrication, regarding processes related to physics,
mechanics, metallurgy and chemistry [6]. The term was
introduced in 1966 by Prof. H. Peter Jost, then the
chairman of a working group of lubrication engineers,
in his published report for the UK Department of
Education and Science [7]. It was reported that huge
sums of money have been lost in the UK annually
owing to the consequences of friction, wear and
corrosion. As a result, several centres for tribology
were created in many countries. Since then, the term
has diffused into the international engineering field.
Tribological studies involve the efforts of mechanical
engineers, material scientists, chemists and physicists —
tribology is an interdisciplinary science [8]. Some of
the results are new materials, like composites [9] and
coatings [10] with improved tribological properties or
new design approach [11]. Many new areas of
tribological studies have been developed that are at the
interface of various scientific disciplines, and various
aspects of interacting surfaces have been the focus of
tribology, for example, nanotribology, biotribology, the
tribology of magnetic storage devices and microelectro-
mechanical systems (MEMS), green tribology
(ecotribology), etc. [8]. The research in these areas is
driven mostly by the advent of new technologies and
new experimental techniques for surface and interface
characterization.

2.2 Self-organization

A basic tribological conception is that friction and
wear are most easily monitored and controlled by
means of the behavior of the thin material layer — the
third body — which divides and unifies sliding, rolling

97



and impacting bodies. If the original contact pair does
not possess a separate intermediate layer, its formation
can be evoked by the contact processes themselves. An
ambition of tribology is either to find out an optimal
material — that third body, which to be put in the
contact, or to predict the succession of events and
phenomena by means of which the contact shall form
its own protective layer.

Adaptation to the variable and complicated conditions
of contact interaction of tribo-couples is realized by
self-organization and synergy mechanisms. Synergy,
may be defined as two or more agents working together
to produce a result not obtainable by any of the agents
independently. In fact, a system constitutes a set of
interrelated components working together with a
common objective: fulfilling a designated need [5,12].

Self-organization is related to open systems.
Tribosystems are considered as open systems
exchanging material, energy and information with the
milieu. The ability of a system “to forget” the external
perturbations is related to a specific organization of the
system — self-organization. Due to the flow of mass,
energy and information towards and from the system
and far from equilibrium, new structures arise (new
patterns like clusters, micro- and nano-clusters). Their
formation is characterized by spontaneity. Furthermore,
it is intentional, not fully arbitrary. The aim of the
system is to survive in spite of the external perturbation
[13]. The latest only stimulates (unlocks) internal
mechanisms in the system, as a result of which the new
structures are formed.

In tribology there are many effects connected to self-
organization: the effect of extremely low friction after
irradiation of the surfaces with alpha-particles or
ultrasound; the effect of selective transfer of material
between the contacting surfaces; the effect of surface-
active additives in lubricants which cause decrease of
surface strength; the effect of autovibrations, etc. In all
cases formation of new structures is observed — these
are secondary protective surface structures [1+5,13].
The study of the secondary protective surface structures
is a central question in the study of self-organization.
The problem of optimizing the tribosystem is related to
the possibility of optimizing the conditions, under
which the system being introduced in operating regime,
forms secondary protective structures. Generally, the
affect is on the working surface (material, preliminary
structure) and on the conditions of the process, in such
way that the internal for the system factors of its self-
organization could be switched on.

3. SELECTIVE TRANSFER

D.N. Garkunov and G. Polzer are of the first
researchers of the selective transfer of material during
friction of Cu-containing contact surfaces with special
surface-active substances, the corresponding formation
of the “servovite layer” (notion adopted as per analogy
with the contact in animal articulation), and the
resultant high reduction in friction and wear [2,3,14,15]

Characteristic for the selective transfer in tribology
applications is the fact that an inoxidable layer with
low shift resistance is formed in the contact. This
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protective layer cannot accumulate dislocations and is
highly antifrictional. The self-organization phenomena
depend on the interface energy and the material
exchange with the environment. Generation of that
layer requires special combination of materials of the
contact surfaces, as well as special lubricant between
them. Conditions for the continuous reproducibility of
the layer are also needed because of its short life in the
contact body. Thus, synergy effect in the forming of
new contact structures in the contact between surface
materials and lubricant appears to be desirable as
optimization of the contact couple.

Many studies on selective transfer [2,3, 14+17] were
conducted with bronze, brass and copper specimens in
alcohol-glycerin mixture. Investigations showed that
selective transfer exists on the contacting surfaces of
almost all constructive steels. Ultra-low friction is also
obtained rapidly with the friction-induced films on
steel, chemisorbed from MoDTP solution, a layer of
MoS, being transferred [18].

Reassigning models and methods of the ordered
classical sciences to the basics of new interdisciplinary
sciences is difficult and suspicious. The main difficulty
is in the generalization of the concepts and the
formulation of the tasks, which should permit the usage
of well-known classical procedures. As a result the real
complex system is being replaced by a model assumed to
be equivalent, and its macroscopic behavior should on
the average correspond to the observed macroscopic
relationships.

4. ILLUSTRATION ON
TRANSFER APPLICATIONS

SELECTIVE

Antifriction and antiwear effects resulting from the
selective transfer processes are shown below.

100 10 1 107" 102 10° 10* 10° 10

Fig.1 Friction coefficient vs. vacuum degree for
various tribocouples; 1- lead bronze/Ti alloy;
2 — Fe/Pb; 3 — graphite bronze/Al; 4 — Cu/Steel; 5 —Be

The first example is extracted from the common work
between the Space Research Institute of the Bulgarian
Academy of Sciences and the Tribology Centre — Sofia
in the study of the properties of new antifriction
materials adaptable to friction conditions. One of the
most interesting materials (Fig 1) for vacuum (also for
UHV) is lead bronze [19]. The structure of the
material is on copper basis (solid solution of a-copper



and CusP, alloyed with Mn and P), and contains lead
configurations in the form of globular clusters. Friction
and wear properties were studied by means of the
developed by the team vacuum tribometer [19,20].
During friction, lead comes on the surface and forms
thin intermediate layer, acting as a lubricant. The X-ray
microanalysis of the surface shows that at friction
under atmospheric conditions the friction layer contains
lead oxide, and under vacuum — it is a friction layer of
metallic lead. The antifriction properties result by the
quantity, distribution and form of lead components. At
vacuum was obtained a significant decrease of friction
and wear intensity. The contact pressure has been
found, at which the surrounding atmosphere cannot
manage with the formation of regenerated secondary
structures on the surface after their abrasion, and the
system enters the pathological regime.

Next example shows the influence of electric
current in selective transfer. Diverse processes which
take place on contact surfaces as a result of the
selective transfer become more complicated under the
effect of electric current. Experiments show that
electric current in the initial stage makes surfaces
covered with an extremely thin copper layer [21]. The
copper film formation rate and its thickness are
functions of the current density and direction. Overall
said electric current intensifies the selective transfer.

0.016

0.010

0.004

a 3 g 8 12 15 18 21 B MPa

Fig. 2 Coefficient of friction f vs. specific load P at
sliding speed V= 1.6 m/s; running-in process,
steel-bronze couple, and galvano-electromagnetic
force in the glycerin as lubricant [21]

The surface passivation in selective transfer
accompanied by formation of a plastic copper film on
both copper alloy and steel is determined to a greater
extent by electrochemical processes of selective
dissolution of the copper alloy and transfer of dispersed
copper particles to the steel surface. In this case also
the synergy effect of both agents — surface material and
lubricant — is observed. A favorable combination of
materials of contact pairs (bronze-steel) and lubricant
(glycerine, oils with surfactant additives) results in
spontaneous origination of intermediate layers on the
contact surfaces which produce the minimum friction.

Below follows an example of increasing the antiwear
properties of lubricants. The quantitative transition
from rough- to ultradispersion of copper particles leads
to considerable qualitative changes of the maintenance
properties of metal-plating lubricants. This is a new
generation of multifunctional additives on the basis of
copper and its oxide of colloidal dispersion. Interesting
results regarding the antiwear characteristics of the
lubricant were attained in the tests of the influence of
additives on gear oils (Fig.3). While using the

ultradispersed CuO additive in motor oils, redox
reactions take place. Copper oxide reduces to free
copper. Transfer and adhesion of their particles to the
sliding surfaces occurs, particularly to surface defects
and irregularities [17].
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Fig. 3 Wear vs. load for Transol SP-10 gear oil;
A) reference oil; o ) reference oil + 0.006% ul-
tradispersed CuO [17]

5. CONCLUDING REMARKS

The paper aims to emphasize the existence of self-
organization and the possibility to optimize contact
systems through the observation and investigation of
the processes related to self-organization and selective
transfer between the contacting surfaces.

In tribology we consider ways of optimization of the
behavior of contact systems influencing the contact
body. The contact joint is under dynamic, variable, often
exposed conditions. So, the contact is in crisis. The
system wants to protect itself and to survive in these
conditions, i.e. to keep its integrity. Responsible for the
survival is the contact. We help the contact through
tribology either by finding out the optimal material — that
third body, which to be put in the contact, or by
predicting the succession of events and phenomena by
means of which the contact shall form its own protective
layer. In the first case, based on previous experience and
knowledge, we find optimal material surfaces with or
without coating and/or suitable intermediate layer
between them (e.g. lubricant). The second case is related
the opportunity to use self-organization processes in the
contact body. They are connected to the adaptation of the
tribosystem to the variable/dynamic conditions and are
realized by self-organization and synergy mechanisms.
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The synergy corresponds to the mutual work of two or
more agents working together to produce a result not
obtainable by any of the agents independently. At the
self-organization, due to the flow of mass, energy and
information towards and from the system, arise with
spontaneity new structures — secondary protective
surface structures. Their formation is intentional, not
fully arbitrary. The aim of the system is to persist and
keep on functioning in spite of the external perturbation.
The later only stimulates (unlocks) internal mechanisms
for the formation of the new structures.

The investigations of self-organization in the mode of
selective transfer of materials have lead to the
development of new lubricants, self-lubricating, wear-
resistant and self-healing materials used in friction
joints in exposed operating conditions, as in aircraft,
mining industry, space research, etc.
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STRATEGIES FOR IMPROVING THE AGILITY LEVEL IN THE MANUFACTURING
BEARING INDUSTRY

Abstract: The paper presents the results of a project focused on reducing wastes in the manufacturing bearing
industry, which fits into the broader strategy of continuous improvement. The first stage consisted in the analysis of
the companies’ agility. Waste detection was done through questionnaires and production flow analysis. After
determining the waste causes, a future Value Stream Map can be built with pull flow and kanban system. Finally,
the analysis of the proposal implementation and the obtained results allows the underlining of the obtained savings.

Key words: lean manufacturing, kanban, value stream mapping

1. INTRODUCTION

The Toyota manufacturing system, developed by
Taiichi Ohno, has as main purpose the continuous
reduction and ultimately elimination of any form of
waste. The companies implementing this system work
with low inventories, reduced production times as well
as low “lead time”. They try to reduce the breakdown,
to make the technological flux more fluid, to achieve
zero defects, and so on. The JIT concept can be
described as always having the supply of right parts in
the right quantity in the right place and at the right time
and it has revolutionised the management and
organisation of businesses. It was applied at first
primarily in the automotive industry, but it is nowadays
also better spread in other branches of the industry and
services.

Lean Manufacturing consists of a set of
instruments, a management system or a philosophy,
depending on the extent, the strategy and the
development level of the organisation and of the
organisational culture in which it is applied [2].

“Lean Manufacturing” is currently the most
effective management model of the activities of an
organisation.

The present paper endeavours to present a
methodology for the analysis and improvement of the
agility level in the bearing manufacturing industry.

2. ANALYSIS OF THE COMPANIES’ AGILITY
LEVEL

The initial step is to establish a clear sense of the
need to change and improve. This vision must be built
together with the top levels of the organisation
management, but also had to be shared with all
members of said organisation. A group of individuals
was chosen to participate in this project.

In order to analyse the general agility of the
company, a number of general indicators were firstly
computed, such as the net profit, the return on
investment (a percentage of the investment) and the
cash flow (the amount of cash available for day to day
operations), to name a few. Additionally, the

performance coefficients of the production process
were computed: the throughput (the actual rate of sales
generated by the system), the inventory (all the money
invested in things that are intended to be sold) and the
operating expense (money spent to convert inventory
into throughput) [5]. This includes direct and indirect
labour, materials, depreciation, administrative costs etc.

2.1. Questionnaire for evaluation of the company’s
agility

The next phase consisted in identifying the areas of
interest upon which it was necessary to act. For this
purpose a questionnaire was devised, evaluating the
following fields: inventories, the team, processes,
maintenance, layout and handling, suppliers, quality,
scheduling and control.

The evaluation questionnaire contains questions for
each analysed field. Each question has a set of possible
answers. Depending on the answer selected in
accordance with the situation, a number of points are
granted. Finally, for each field a total is compiled,
representing a certain stage on a scale from 0 to 100%.
This percentage (the red curve in Fig. 1) is then
compared with the target imposed by the company (the
blue curve).

Inventory
100

Teams Scheduling

Maintenance (- / — Process

Layout Quality

Supplier 'Setup

Fig. 1. Evaluation of the agility level of a bearing
company based on questionnaires (target- blue;
actual —red)
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Fig. 2. Technological process for the manufacturing of the radial ball bearings
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The field in which the difference between the

current situation and the set goal is the highest is also
the field in which most urgent action is required. The
questionnaire was answered by managers on the top
and intermediary level. .From the analysis of the result,
as shown in Fig. 1, it can be seen that the field
requiring the first actions was the organisation of
production, stocks and production planning. The
improvement of the activity in this field could not be
performed without a careful analysis of the existing
technological process. The analysed process is the
manufacturing of radial ball bearings. The necessary
sequence of steps is shown in Fig. 2.

2.2. Actual Value Stream Mapping

The more detailed analysis of the production
process implied building the Value Stream Mapping
(Fig.3). Value Stream Mapping is an instrument for
describing both material and informational streams
within a production process, from the point of placing
the order, to the shipment of the finite products [6].

The current state value stream mapping presents the
push production stream with all the important
parameters characterising it, more precisely: the outside
sources of material with the order lead times, the mode
of materials’ shipment, including transportation
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Fig. 3. Actual value stream mapping
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frequencies and time, receiving and inventory points
(including the warehouse for received material, work-
in-process, and finished goods inventory), production
processes, flow of work-in-process between production
processes, mode of shipment of finished product to the
customers including transportation frequencies and
time,. VMS shows also the current information flows
(electronic or manual) which are part of the enterprise
resource planning. Illustrations of the VSM current
state is shown Fig. 3.

3. BUILDING A NEW VISION OF THE
COMPANY

Based on the data on this map, the continuous
improvement team set its goal to change the existing
“push” type production stream with a “pull” type one,
through the implementation of the Kanban production
system.

The KANBAN system is an instrument that plays a
key role in the JIT production system, and was
developed by Taiichi Ohno at the Toyota Company [3].
A “kanban” is basically a card containing all the
information required for the production and assembly
of a product at each stage, and it details its path of
completion [1]. The kanban system allows production
and control scheduling, as well as inventory levels.
This system facilitates a high production volume and
high capacity utilization with reduced inventories,
production time and work-in-process.

The analysis of the current VMS showed that
bottlenecks are in tight connection with the grinding
and super finishing of the rolling surfaces. These

machine tools are complex and they require a
considerable amount of setup time for adjustment
whenever the manufacturing changes. This made it
impossible to create manufacturing cells that are
dedicated to product families. Because of this, the
production area was divided into three modules: one for
grinding lateral surfaces and diameters, one for
manufacturing the rolling surfaces, and one for
assembly, conditioning and packing.

A Heijunka —Kanban post triggers production [4],
as its main role is that of a pace maker of the
production system.

Kanban cards to trigger supply Product type

Kanban cards to trigger manufacturing

Fig. 5. Heijunka —Kanban post (detail)
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Fig. 6. Pull production system through the cards placed on Heijunka Kanban post

On the other hand, the same post regulates the
supply of work pieces in the supermarket inventory that
precedes production. This double role is played by the
kanban cards, having meaningful symbols on both
sides. The coloured side of the card triggers production,
while the symbols on the opposite white side of the
card indicate that the supermarket stock needs to be
supplied. In Fig. 5, a fragment of the Heijunka —
Kanban picture is presented. When the number of cards
placed on the coloured side exceeds the yellow
indicator (A), the type of products can start to be
manufactured. When this number reaches the red
indicator (B), the products must start working. A
supply train that inspects the Kanban post every two
hours takes the data from the cards that are placed with
the white side facing out and supplies the supermarket
stock upstream accordingly.

After applying the solutions found during the
KAIZEN activity, the following conclusions were
drawn:

e The Lead time decreased from 13 to 7 days.

e The visual management implementation using the
Heijunka post brings visible improvements in
production planning and each operator now has
better access to information and can be better aware
of the status of the production in a week.

e The use of “production Kanban” helps us to achieve
a better accuracy in the time needed to fill the
inventories, as well as better production
management because of the implementation of
“pull” streams using differently coloured Kanban
cards.

e OEE (Overall equipment effectiveness) grows from
40% to 70 %.

This paper presents the results of a Kaizen
continuous improvement project, which consisted in
the fundamentally different reorganising of the
technological process in bearing manufacturing
industry, as well as specifically applying the Kanban
system. The novelty of this system consists in the use
of the Heijunka —Kanban post for both production
triggering and for resupplying the supermarket type
inventory placed upstream of the production process.

This improvement project was an important turning
point in the production organisation and will most
definitely be followed by other continuous
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improvement projects aiming at the optimisation of the
production processes and diminishing of losses.
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STRAIGHTNESS MEASUREMENT OF LINEAR MOTION GUIDES

Abstract: Geometrical accuracy of linear motion, which is the part of axis motion devices, for example machine tools
or measuring machines and the others is necessary to determine the straightness of the measured axis linear motion
as one of the main geometrical characteristics. This article describes methods of straightness measurement based
on length and angle measurement. Also carry out measurement experiments and show the results, compare methods

and make interpretation of advantages and disadvantages.

Key words: length measuring machine, laser interferometer, calibration, uncertainties of measurement

1. INTRODUCTION

For accuracy of linear positioning is necessary to
keep straightness of the linear motion guides. While in
the past these measurements were carried out with dial
gauge or spirit level gauge, today the situation is
absolutely different. Nowadays for measurement of
geometrical properties of mechanical parts or
assemblies using 3D coordinate measuring machine or
laser interferometer. Main utilizing for laser
interferometer is for distance measurement, but with
another optic kit is possible to use for flatness,
straightness  or  perpendicularity — measurement.
Excellent metrological characteristics insert this
measurement instrument in traceability chain on the top
rank. One of the most important constraints for
accurate positioning is the straightness of the linear
guides. From this reason in this contribution we
describe new methods for straightness measurement.

2. WHAT IS THE STRAIGHTNESS?

When we measure
differentiate between straightness
straightness in space.

Straightness [2] in plane is defined as a line in plane
in given distance, while all of their points lie between
two line parallel with main direction of the line and
their distance equal with tolerance.

The main direction of the line has to representative
and must be choosing with regard to minimize
deviation of the straightness. It is possible determined
by two methods:

e two points suitable chosen near at the end of
the linear guide

e Dby calculating of the measured points i.e. by
the methods of least squares

straightness we could
in plane and

Straightness in the space is the line whose
projection on two perpendicular planes is parallel with
main direction of the line.

For better understanding error [2] of the straightness
is defined by perpendicularity on direction of
movement. Consider ideal straight line, any deviation
from the straight line give error of the straightness

depend on whether measurement is carried out in
horizontal or vertical plane.

3. MEASUREMENT OF THE STRAIGHTNESS

Straightness of the measurement is based on two
methods:
e measurement of the distance
e measurement of the angle

For the measurement of the straightness by distance
method is important to choose two reference points.
Measurement device provides measurement of the
deviation from the straightness from the datum.
Reading is possible in different distances of the
measured line.

— B
—

I
| W -

i A S
| Straightness
3 line
|

=
Al ==
e
—_—F
|
|

i
I
|
|
|
! ! Datum line
]
|
|

Fig. 1. Straightness line fit through straightness error

In measurement of the straightness by angle method
moving part of the measurement device is in contact
with measured line in P and Q point, which are spaced
in distance d. Moving part is always coincident with
neighborhood  positions. P0Q0  with  P1QI.
Measurement device located in plane perpendicular on
line is changing angles.

2 ALD’ S
Fig. 2. Straightness measurement by angle
measurement

As shown in Fig. 1, let the actual travel path with
perpendicular motion in the vertical plane be Z (x), and
define the reference as a straight line passing through
the initial point and the end point. That is Z(0) = Z(L) =
0. The local slope is:
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470

= tan(3) (1)

Assuming the radius of curvature R is much larger than
the measurement increment Ax. tan(S) is
approximately equal to Hence:

Z(x)= jﬁdL(x) dx = jf&(x) dx ()

The total number of point N is equal to L/Ax. Let X n =
nAX then,

n

Z(x,)= Z I(x, ) Ax + const. 3)

i=0

Since Z(0) = Z(L) = 0, Eqn (4) becomes

Z(x) = Z‘g(xi—l)Ax -
. “)
- Z % I(x, ) Ax + const.
i=0

where Z(X,) is the straightness in the vertical plane,
0(X,) is the measured pitch angle, Ax is the increment
of the measurement, and N is the total number of
points.

Method of the straightness measurement [1] by
laser interferometer is belonging to method of
measurement distance — Wollaston method. Wollaston
method is designed for “movement in space”
measurements — e.g. the movement of a machine table
or working tool can be characterized. Datum is given
by the position of the retro-reflector with mirrors twist
in center. Wollaston polarizers optics also used here.
Wollaston polarizers consist of two birefringent right
angle prisms cemented together, such that their optical
axes are perpendicular. As laser passes through the
polarizer, a symmetric deviation between the ordinary
and extraordinary beams is created. The resulting
beams are of orthogonal linear polarization states and
have equal intensity and a large angular deviation. By
this way is possible to find out position of the focus
point to axes of symmetry of the retro-reflector.
Principle of the measurement by Wollaston optics is
based on changes of the length of optical path of two
divergent beams which is proportional to the vertical or
horizontal displacement.

When the interferometer is moved along the profile
to be measured, interference phenomena are generated
in the signal coming back to the receiver, because the
two beams recombined by the interferometer are
subjected to paths of different length, as consequence
of the profile geometry. Analyzing the originated
fringes pattern, displacements of the interferometer
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with respect to a straightness reference (given by the
laser beam projected by the head), as moved along the
stage, are estimated, and so the straightness deviation
Tr can be calculated.
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Fig. 3. Principle of the straightness measurement by
Wollaston optics

For the straightness measurement Renishaw has in
the optic kit two optics for measurement short distance
— measurement range from (0,1 to 4) m and for long
straightness measurement from (1 to 30) m. For both
case is possible to measure straightness to + 2,5 mm.

Another way of straightness measurement is by
angle optics, like optical autocollimator. Angle optics
[1] are two beam splitter optics and two retro reflectors.
For reference datum is using interferometry optics. If
two optical sets interferometry optics and retro-
reflectors are parallel, is it 0°. After rotating retro-
reflector optics difference between two optical path
give angle, which is evaluated by trigonometric

expressions.
SIDE VIEW

AXIS OF
MOVEMENT
BEAM A2 - -

: PITCH
J MOVEMENT

ANGULAR ANGULAR

XL LASER INTERFEROMETER REFLECTOR

Fig. 4. Principles of the angle measurement by laser
interferometer

4. EXPERIMENT OF THE STRAIGHTNESS
MEASUREMENT

This section describes [2] experiment whose aim
was to compare two methods of straightness
measurement by laser interferometer. The
measurement was carried out on linear guide used for
positioning board for calibration of level gauge. The
linear guide way is 16 m long. Because the alignment
and setting of laser beam is very difficult and time



consuming operation, we decided to measure to 9 m
with 25 cm steps. As reference the retro-reflector was
on stable position at the end of measuring range and
interferometry optics, the Wollaston prism was on
moving part. Every 25 cm the value was recorded by
the Renishaw straightness software. A same procedure
was carried out by angle optics. In this case, after
measurement the unit of measurand was transfer from
(mm/m) to (mm) by next expression (5):

E,,;=d+tan (ahi) (5)
where:
En straightness in (mm),
d — distance between two points,
tan (ahi) — angle of the inclination.

035 114 Wollaston
0,3 4| —=— Angle optics

Straightness error (mm)
2 o 2
o & = o

@ N8 V8 B e x 6 6 6 6 6 A6 B 6 o

S

k=3

a
72}

Distance (m)

Fig. 5. Graph — Straightness measured by Wollaston
and angle optics

5. UNCERTAINTY OF MEASUREMENT

The model of measurement [7] can be defined by the
functional relationship reported by Equation

Z(x)= f(x. %%, ©)

In Equation 6 each X; quantity represent the measure
(displacement or angle) obtained on the considered
profile at the i-th position. The f function resume the

procedure needed to calculate the Z (xl.) quantity,

once the x; values are known, including the definition
of a representative line and of the two parallel lines of
minimum reciprocal distance containing the acquired
profile. Each x; measure is affected by uncertainty;
propagating all the n uncertainty contributions thorough
the model given by Equation 6, also the uncertainty

affecting Z(x,) can be estimated.
Due to non-linearity of the measurement model and to
the presence of reciprocal correlation for measures X,

(in the specific case of angular measurements), the
approach proposed by ISO GUM and adopted by ISO
230-9:2005 cannot be successfully applied for
uncertainty propagation, since the method proposed by
such documents assume a linear model and the absence
of correlation for the input quantities x;.

The proposed method is based on the Monte Carlo
numerical technique, which is used for the uncertainty

propagation, in order to estimate a probabilistic
distribution of values for Z(X;) and so to calculate its
uncertainty. According to this method, each input
quantity Z(x;) as well as the output quantity Z(x;)

are treated as random variables and the propagation of
the probability distribution functions assigned to all the

Z(x,) is numerically operated thorough the model f;

by means of a sampled approach as follows.

1. A suitable probability distribution function (pdf)
g(X)) is assigned to each X.. In the case of length
measures operated by the laser-interferometer
instrumentation this pdf is given by a Gaussian
distribution whose standard deviation is defined
according to the calibration diagram constructed during
the preliminary characterization. The mean value for
each distribution is given by the obtained measurement
reading concerning the displacement or the angle
measured at the i-th position along the considered
profile.

2. For each X; variable M x; values are generated
according to the g(X;) function. By this way M vectors
of possible values for the X; variables are defined,
defining M possible shapes for the measured profile.

3. For each one of the M possible profiles the
straightness deviation value Z(X;) is estimated, and

so a sample of M values for the Z(X;) variable is

constructed.

4. A confidence interval is constructed for Z(x;)
starting from the M sampled values and so uncertainty

affecting the Z(X;) measure is estimated.

6. CONCLUSION

While measurement by angle optics is faster and
easier to align laser beam the result of measurements
are referred to the reference, which is retro-reflector
optics. Until Wollaston optics is better for straightness
measurement because the laser beam divergent on
Wollaston  prism, their optical axes always
perpendicular to each other and by this way we have
reference line to refer deviation of the straightness.

The commonly used Wollastone prism optics is
expensive and very difficult to adjust although it gives
the most accurate results. Operation of the system with
the Wollastone prism optics requires highly skilled
personnel. the accuracy of the straightness
measurements depends on the precision of the
alignment of the measured axis. It is recommended that
the position of the crosses during alignment procedure
to be set to the center of the screen. Vibrations of the
base where the tripod is placed and air density
fluctuations are the source of noise that lower accuracy
of the measurement. This fact is presented on the Fig.
5.
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SELECTION AND CONFIGURATION OF MODULAR COMPONENTS FOR
MODULAR FIXTURE DESIGN

Abstract: This paper presents a module for automation the design phase of modular fixture which is related to the
selection and configuration of modular components. Methodology of selection and configuration of the modular
components are based on production rules, classification numbers, geometrical and topological information of the
workpiece, with contributing of the SolidWorks software system, APl and object-oriented programming. Databases
and knowledge bases are designed as an integral part of the module for the selection and configuration of modular
components. Verification of this module is done by selecting and configuration of modular components in functional
modular units, which are necessary for positioning and clamping of the hydraulic cylinder.

Key words: Modular components, modular functional units, automation

1. INTRODUCTION

Automation of modular fixture design is a very
important link in the chain of full automation of the
process planning design [1], [2]. From many types of
fixtures, an increasingly important role in the
production process has a modular or aggregate fixture.
Because of its modular structure and concept, this type
of fixtures is suitable for automation design [3]. The
problem of time consumption has a significant impact
in the fixture design, because process of fixture design
generally can only begin after a complete definition of
the process planning. It is estimated that the total time
that the designer has available for process planning
design, an average of 25% makes the fixture design [4].
Previously exposed facts define evidences that the
automation of the modular fixture design increases the
level of automation design of process planning. Thus, it
is very important to introduce new technologies to the
modular fixture design in the phase of selection and
configuration of modular components [5] .

2. SELECTION AND CONFIGURATION OF
MODULAR FIXTURE COMPONENTS

Through preliminary performed analysis of the
faces for positioning and clamping, and through the
overall analysis of the object, it was generated
information for the purpose of selection and
configuration of modular fixture components. The
above analysis is performed using the program
application for determining the functionality of the
workpiece faces, the general geometric analysis of the
workpiece using the developed algorithms and adopted
typical schemas and models for positioning and
clamping of the workpiece [6]. The most important
information resulting from the above mentioned
analysis of the objects are:

»  Type and number of faces for positioning and
clamping;
»  The surface quality of the selected face;

XXX XXX X, XXX

»  The size of each selected face (the dimensional
values and values in square mm);

»  Accessibility of each face from the point of view
of possibility for placing of modular fixture
components;

«  The overall dimensions of the workpiece;

»  The existence of through holes in the workpiece;

Knowing the above mentioned information about the
workpiece, and applying the typical schemas and
models for positioning and clamping, it is executed a
selection and configuration of modular fixture
components for positioning and clamping of the
workpiece.

2.1 Selection of modular fixture components

Selection of modular fixture components was
carried out based on previously developed production
rule and logic of reasoning procedure, which is
associated with a unique classification number of
modular fixture component. Classification number of
modular fixture component is the holder of the
geometrical and structural information about the
component. Classification number consists of 10
elements of which the first seven encoded according to
Table 1., while the last three digits are used as a
statement of the amount of the active height of
component, which is also shown in this table. The
system of classification, with appropriate meanings of
each of the elements is shown in Fig. 1.

- CLASIFICATION NUMBER
L— The active height of component
Num. of degrees of the freedom
The distance between holes
Workpiece surface condition
The shape of the placing face
Adjust. value of the component

Purpose of component
Function of the component

Fig.1. Component classification number [6]
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Mark Values
Function of 1 - for posmqnlng
2 - for clamping
component
3 - general component
Purpose of L - basic (contact)
component 2 - auxiliary (lifting)

P 3 - additional (screws, etc)
Adjustment of 1 - non-adjustable
component 2 - adjustable

1- prismatic
Shape of component | 2 - cylindrical
3 -angled

1 - for all surfaces

2 - for un-machined surf.
3 - for rough surfaces

4 - for fine surfaces

1- point (one screw)

2- serial

3 - diagonal

0-0; 1- 1; 2-2; 3-3;4-4
20; 30; 50; 100; 120

Surface finish of
workpiece face

Distance between
screws

Degrees of freedom
Max. active height

Table 1. Defining the code of the classification number

After analysis of the workpiece, the classification of
components and assigning unique classification number
to each of the modular fixture components, it is
executed a selection of the appropriate components
according to block diagram of module for the selection
and configuration of the modular fixture components
(Fig. 2).

Selection of modular fixture components is divided into
three levels. The first level is selection of components
for bottom positioning of workpiece; the second-level
is selection of components for side positioning and the
third level is selection of components for clamping. All
three levels are associated with a database of 3D
models of modular fixture components. The database,
along with algorithmic data flow is associated with a
knowledge base which containing production rules as
means of the selection process of modular fixtures
components. The process of selecting modular fixture
components was carried out on the basis of production
rules [7] of the following type:

if
TSB =TSB1
PSTR1=1
100 <PAV1 <110
50<AmaxPSTRI1 <150mm
KVALP1 =BO
then
KBP = 1x1213130.55
1x1111211.20
1x3211130.50

Production rules which were developed for selection of
modular fixture components, as input information use
information obtained from the analysis of the
workpiece and defined typical schemes of positioning.
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Process of selection of modular components is done
using production rules that generate the classification
number of modular fixture component.

Input informations

Selection of components]
for bottom positioning

v

Configuration of
functional units

Configuration of functional unit
for bottom positioning finish?

YES

NO

Knowledge
database

Selection of components
for side positioning

v —

Configuration of
functional units

Configuration of functional unit
for side positioning finish?

»]Selection of components
>

for clamping

v

Configuration of
functional units

NO Configuration of functional unit
for clamping finish?

MODULE FOR SELECTION AND CONFIGURATION OF MODULAR FIXTURE COMPONENTS

Module for modular
fixture assembly design

Fig. 2. Block diagram of the module for the selection
and configuration modular fixture components [6]

2.2 Configuration of modular fixture components

By selecting the modular fixture components, it is
provided the configuration process of modular fixture
components in modular configure units. Modular
configure units are a set of one or more modular fixture
components, that performs a unique function of
positioning or clamping of the workpiece. The
configuration process of modular fixture components is
shown in Fig. 3, in the form of sub-module for the
configuration of the modular fixture components,
which is the part of the module for the selection of
modular fixture components, which together with it
make a unit in overall automated system for modular
fixture design. Configuration process of modular
fixture components starts if in the process of selection
of modular fixture components appears at least one
auxiliary or raise component, next to the executive
(contact) component.
Modular fixture components are previously defined in
terms of additional information that is later used in the
software configuration process. In addition to the
classification number, which is located within the name
of the components, in modular fixture components have
been added extra information about reference mating
cases.

Database of modular
fixture components



Name of Mate Referenc Mate Reference
RAVAN1 coincident
RAVAN?2 coincident

CILINDAR1 concentric
CILINDAR?2 concentric
CILINDARS3 concentric
CILINDAR4a concentric
CILINDAR4b concentric

Table 2. Additional information for components

Additional information, as shown in Table 2, were
assigned to modular fixture components using the SW
tools Mate Reference and stored in such a way as
additional information of modular fixture components.
This information is a relatively easy identify by
programs and processes which were used for the
configuration of modular fixture components.

Configuration .
e Description
Configuration process with
RAVAN? with object RAVAN?2 of_one
RAVANI component and object
RAVAN1 from other
component in relationship
coincident
= o
O CLNDARZ-<1>
et
Mo
Configuration process with i
CILINDAR2 object CILINDAR?2 of one g
with component and object
CILINDAR2 CILINDAR?2 from other
component in relationship
concentric
Configuration process with
CILINDARL object CILINDAR1 c_>f one
with component and object
CILINDAR4a CILINDAR_4a fron_1 othgr
component in relationship
concentric

Table 3. Some of the cases for configuration of modular fixture components

Previously predefined configuration cases of modular
fixture components are not the only possible cases of
configuration components, because it is possible to
expand the configuration cases of modular fixture
components.

The process of configuration of modular fixture
components is performed for a set of modular fixture
components for each of the previously selected faces
for positioning and clamping. According to the module
for configuration of modular fixture components, as
shown in Figure 3, the configuration process begins by
searching the general components of modular fixtures
from the set of selected components. If the module
identifies the general component, it opens in a 3D
environment of the program system SolidWorks. Then
the search is continuing and if the next general
component was find it is also placed in same 3D
environment and process of configuration of these two

components is executed. If no general components (or
the next general component), the process of configuring
of the modular fixtures components continues
searching for the lifting/rising components. If lifting
component is identify it is placed in 3D environment
and configured with the general component. The same
process is repeated for the next lifting component, if it
exists.

If there is no next lifting component, the contact
component is placed in same 3D environment of
program system and its configuration is done with one
of the pre-configured components. If there is no
general, no lifting component in the set of selected
components, process of generation of the contact
component were executed. Adjustment of the modular
configuration unit or just contact component is the final
process in the module for configuration of modular
fixture components.
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Show 3D model of
contact component
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configuration
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component exist?

Show 3D model of
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Process of component
configuration
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Set of components for
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NO Does general
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Y

Does lifting component

Show 3D model of
exist?

general component

Show 3D model of
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v

Process of component
configuration

Show 3D model
of general component

NO /" Does next lifting i
component exist? Process of component

configuration
YES

Show 3D model
of lifting component

v

Process of component
configuration

Adjustment of
modular functional unit

END

Fig. 3. Algorithmic data flow of sub-module for the configuration of the modular fixture components [6]

Adjustment of the modular fixture components or

Adjustment of modular fixture components and

functional modular units is made regarding the value of
active height of component that needs to take in order
to perform a proper positioning or clamping of
workpiece.

Fig. 4. Generating information over the position vector
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functional modular units is based on previous analysis
of the workpiece and the existing information in the
form of distribution of holes in the baseplate of the
modular fixture. Fig. 4a shows the general case of
generating information over the position vector V.
Thus, if we look at modular component shown in Fig.
4b the distance X must be set to the value of V and Z
value to value V. In this way it is generating
information that is used during configuring of modular
fixture components, while the process of adjustment of
the components executed at program manner, by using
the SW tools Advanced Mates - Distance.

3. VERIFICATION OF MODULE
SELECTION AND CONFIGURATION
MODULAR FIXTURE COMPONENTS

FOR
OF

Verification of module for selection and configuration
of modular fixture components is performed on the
example of a hydraulic cylinder which solid model is
the shown in Fig. 5.

Selection of modular fixture components was carried
out in an automated way based on production rules that
take into account the previously selected standard
scheme for positioning and clamping, classification
numbers of modular fixture components, as well as the



geometric parameters obtained by analysis of
accessibility of functional faces. For hydraulic cylinder
it is executed a selection of modular fixture
components for the purpose of positioning and
clamping, as shown in Table 4.

for the example of hydraulic cylinder. Adjustment the
functional modular units were made on the basis of
functional analysis of faces and information about
position of hydraulic cylinder in relation to the
baseplate of the modular fixture.

Fig. 5. Solid model of the hydraulic cylinder

After the selection of modular fixture components, the
configuration process of modular fixture components
for the hydraulic cylinder is executed. The
configuration of modular components is performed in a
fully automated manner, based on a developed
algorithmic data flow and rules as set out in chapter 2
of this paper. The outputs from the process
configuration of modular fixture components are
functional modular units, which are shown in Figure 6

s

Fig. 6. Functional modular units for positioning and
clamping of hydraulic cylinder

Mark of Coordinates
N FaceIDpf Mar}< o modular Normal vector of Adjustable of modular
um. hydraulic functional fi b df | it
cylinder modular unit ixture observed face values unit in
component assembly
0 10 10 1 11112112 (0.00, 0.00, 1.00) 0 (-125, -75)
1 10 10 2 1111211.2 (0.00, 0.00, 1.00) 0 (-125, 25)
2 10 10 3 1111211.2 (0.00, 0.00, 1.00) 0 (75, -75)
3211130.5
3 6 6 1 1113331.3 (1.00, 0.00, 0.00) 104 (-300, -100)
3211130.25
3211130.5
4 6 6 2 1113331.3 (1.00, 0.00, 0.00) 104 (-300, 50)
3211130.25
3211130.5
1213130.55
5 11 111 11112112 (0.00, 1.00, 0.00) 79 (-100, -200)
1111211.2
3211130.5
1213130.55
6 11 112 11112112 (0.00, 1.00, 0.00) 79 (50, -200)
1111211.2
2113121.35
7 9 91 3211130.5 (0.00,-1.00, 0.00) 129 (-100, 200)
3211130.25
2113121.35
8 9 92 3211130.5 (10.00,-1.00, 0.00) 129 (200, 200)
3211130.25
2113121.35
9 1 11 3211130.5 (-1.00, 0.00, 0.00) 104 (250, -100)
3211130.25
2113121.35
10 1 12 3211130.5 (-1.00, 0.00, 0.00) 104 (250, 50)
3211130.25

Table 4. List of the modular fixture components with additional information
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List of the modular fixture components with additional
information in the form of classification number, the
required number of modular fixture components, which
are used during the implementation of automation of
the modular fixture design for the hydraulic cylinder,
markings of selected modular fixture components, and
the positions of functional modular units with
orientation defined by the normal vector, are given in
Table 4, as a output result of verification of the module
for the selection and configuration of modular fixture
components.

4. CONCLUSION

Based on the developed algorithms, production rules,
using the previously generated geometric and
topological information about the workpiece, it is
possible to automate the process of selection and
configuration of the modular fixture components in
purpose of overall automation of modular fixture
design. Figure 8 shows the assembly of the modular
fixture for the hydraulic cylinder which automated
modular fixture design is supported with module for
selection and configuration of modular fixture
components, presented in this paper.

Fig. 7. Final assembly of modular fixture design for
hydraulic cylinder
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Phase of selection and configuration of modular fixture
components, in the process of automated modular
fixture design, can be realized with the support of the
new CAD technology and  object-oriented
programming. The automation of this phase of modular
fixture design reduces the total time for the modular
fixture design, which increases the level of automation
of process planning design.
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ADVANCED ANLAYTICAL-EXPERIMENTAL PROCEDURES FACILITATING THE
EFFECTIVE APPLICATION OF MICRO-BLASTING ON COATED TOOLS
CONSIDERING AMONG OTHERS THE FILM BRITTLENESS

Abstract: Micro-blasting on coated surfaces is an efficient method for improving the coated tool life. During micro-
blasting residual compressive stresses are induced into the film structure, thus increasing coating hardness.
Simultaneously, abrasion phenomena are activated, which may lead to roughness augmentation, film thickness
reduction and substrate revelation. Micro-blasting parameters have a pivotal effect on the developed films’
mechanical and geometrical data and thus on the coated tools’ cutting performance. For investigating such effects
advanced experimental procedures have been developed such as of nanoindentations, nano-impacts etc. These tests,
supported by FEM models, facilitate the determination of coating properties gradation and brittleness changes.
Keywords: PVD coatings, micro-blasting, hardness, brittleness

1. INTRODUCTION

Micro-blasting on PVD films has been documented
as a potentially efficient method for improving the
cutting performance of coated tools [1,2,3,4,5]. This
process induces residual compressive stresses into the
film structure, thus increasing the coating hardness, but
its brittleness too [6,7,8]. In this context, micro-blasting
parameters such as pressure, time as well as grains’
material, size and shape have a pivotal effect on the
developed films’ mechanical and geometrical data and
thus on the coated tools’ cutting performance. For
investigating such effects advanced experimental
procedures have been developed such as of
nanoindentations, repetitive  nano-impacts, nano-
scratches etc. Combinations of these procedures jointly
with FEM supported computations contribute to the
determination of coating properties gradation and film
brittleness changes after micro-blasting. The paper
aims at highlighting the capability of the mentioned
analytical-experimental  procedures to determine
potential effects of micro-blasting on coating’s data. In
this way, optimum micro-blasting conditions can be
determined, which eliminate the risk of cost intensive
sudden cutting process breaks as a result of coating
damage and subsequent abrupt tool catastrophic failure
damage.

2. MICRO-BLASTING WORKING PRINCIPLE

Fig. 1. illustrates the working principle of the
applied wet micro-blasting procedure. In this operation,
water with abrasive grains is guided into the blasting
nozzle, where an incoming air flow of adjustable
pressure, accelerates the mixture and generates the
water jet. Sharp-edged Al,O; abrasive grains and
spherical ZrO, ones, with smooth surfaces and average
diameter of approximately 10 or 100 um can be
employed. The wet micro-blasting treatments were
conducted by a NP10 machine of WIWOX GmbH
Surface Systems. The tool rake and flank are treated in

separate micro-blasting procedures.

Water &
/ abrasive

Air inlctl inlet

Blasting nozzle

AlLO; grains: g10 um #100 um

grain

Water jet
/

< > Cutting inserts

Fig. 1. Working principle of wet micro-blasting

3. COATING THICKNESS DISTRIBUTION ON
THE CUTTING EDGE AFTER MICRO-
BLASTING AND ITS EFFECT ON THE TOOL’S
CUTTING PERFORMANCE

The cutting edge geometry might be changed after
micro-blasting at various conditions, caused by
abrasion [2,3,4]. These potential effects of micro-
blasting are schematically demonstrated in Fig. 2a. For
investigating cutting edge roundness changes induced
by micro-blasting on coated tools, confocal
measurements along the tool edge of variously micro-
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Fig. 2.

blasted coated cutting inserts can be employed [3]. In
this way, successive cross sections of the cutting edges
can be monitored and the corresponding tool wedge
radii as well as the average value and the fluctuations
of the cutting edge roundness, before and after micro-
blasting at various pressures can be estimated. A
characteristic example, for an as deposited TiAIN
coating case is demonstrated in Fig. 2b. The course of
cutting edge radius versus the micro-blasting pressure
is shown at the right of Fig. 2b. These results reveal
that by increasing the micro-blasting pressure, an
enlargement of the cutting edge radius develops. This
growth is more visible at micro-blasting pressures over
0.2 MPa. Taking into account the previous results, the
coating thickness distributions along the cutting edge,
after micro-blasting at various pressures, can be
analytically determined. The calculated coated cutting
edge cross section geometries at pressures of 0.2 and
0.4 MPa are shown in figure 2c. The coating thickness
tomin May diminish to zero at 0.4 MPa. Thus, substrate
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revelations may develop, as it is also indicated in the
diagram of Fig. 2d. A coating thickness t,., diminution
leads to substrate thermal and mechanical loads growth
and thus, the coated tool cutting performance may be
deteriorated, although the augmentation of the cutting
edge radius in general within a certain range improves
the wear behaviour [9, 10].

4. STRENGTH PROPERTIES GRADATION
AND BRITTLENESS AFTER MICRO-BLASTING

Residual compressive stresses can be induced into
the film structure up to a certain depth from the coating
surface via micro-blasting [8]. Depending on the micro-
blasting conditions, the deformed film depth varies,
thus affecting the coating's performance in different
applications. A method has been already introduced for
determining mechanical strength properties gradation
in coatings after micro-blasting [8]. The residual
stresses are measured in the coating before and after
micro-blasting and the related stress changes determined
at a certain depth from the film surface. These changes are
compared to corresponding ones, calculated by a
developed algorithm supported by finite elements method
calculations. This algorithm describes the continuous
penetration of individual blasting grains into the coating
material and determines residual stresses after micro-
blasting. Considering these results, the grain penetration
depth and moreover, the developed distribution of the film
yield stress after micro-blasting versus the coating
thickness are estimated.

The von Mises stresses, developed after micro-
blasting along the grain impression symmetry axis,
depend on the distance from the coating surface and
can be determined, as shown in Fig. 3a. The shaded
areas indicate film material plastic deformation. The
applied grain penetration depth hy at a micro- blasting
pressure of 0.2 MPa amounts to 120 nm [8]. The
determined residual stress distributions along the
impression symmetry axis are developed under every
point of the film surface, since after a sufficient micro-
blasting time; the grains deform uniformly the entire
coating surface. The yield strength of the untreated
coating, which has unique strength properties, amounts
to 4 GPa. Film regions, not plastically deformed during
micro-blasting, possess the pristine yield stress of the
as deposited material i.e. of 4 GPa. In turn, a plastically
deformed region possesses yield strength equal to the
locally developed maximum von Mises stress. The
developed stress distribution in the coated cutting edge
region at the maximum undeformed chip thickness hg,
when micro-blasted coated inserts at 0.2 MPa are used,
was determined considering the real cutting edge
geometry and is displayed in Fig. 3b. Moreover, the
mechanical properties gradations versus the coating
thickness, which are shown in Fig. 3a, were taken into
account. The equivalent peak stress develops on the
film surface at the cutting edge roundness, close to the
flank. This maximum stress is higher than the film
yield strength in the “as deposited” untreated film case
(see Fig. 3c), thus leading to a comparable more intense
wear evolution at this cutting edge position.
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Fig. 3. (a) Calculated von Mises plastic stress
distributions in a TiAIN coating after micro-
blasting, (b) Stress distributions in the coated
cutting edge region after micro-blasting at a
pressure of 0.2 MPa, (c) Achieved number of
cuts up to a flank wear of ca. 0.2 mm in the as
deposited case and after micro-blasting at
0.2 MPa.

The conduct of micro-blasting at 0.2 MPa, provides
sufficient strength to the film for withstanding the
cutting loads. Thus, it contributes to a significant
increase of the achieved number of cuts up to the same
width of flank wear land compared to the
corresponding ones of the as deposited coated tool.

The induced coating residual stresses after micro-
blasting may increase simultaneously the film
brittleness. Characteristic cases are presented in Fig. 4.
PVD coated tools were subjected to wet micro-blasting
by sharp-edged Al,O; abrasive grains and spherical
ZrO, ones, with smooth surfaces and
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Fig. 4. (a) Yield stresses and (b) SY/SM ratioof post-
treated coatings by wet micro-blasting with
Al,O3 and ZrO, grains.

average diameter of approximately 100 um [4]. In
generally, a gradation of the yield stress versus the film
thickness develops after micro-blasting [8]. For
simplifying the related calculations, it was assumed that
an evenly distributed yield stress versus the coating
thickness, up to a depth of 1.5 um from the film surface
occurs. Due to the larger coating material deformation,
induced by the Al,O3 grains, the yield stress increase
versus the pressure is higher compared to the
corresponding one, when ZrO, grains at the same
process conditions are applied (see Fig.4a). The
determined yield stresses in both grain material cases
remain practically unaffected over a pressure of
0.4 MPa. Moreover, Fig. 4b exhibits the vyield to
rupture stress ratio (SY/SM) course versus the micro-
blasting pressure. An increase of this ratio indicates a
simultaneous film brittleness growth i.e. fracture at less
plastic deformation.

5. NANO-IMPACT TEST AND ITS FEM
SIMULATION FOR ASSESSING FILM
BRITTLENESS

The coatings’ brittleness and toughness can be
assessed by nano-impact tests [2,3,4,11,12]. In this test,
a solenoid is used to pull the indenter off the coated
specimen surface and to re-accelerate it from a distance
against the film. An appropriate automation enables
repetitive impacts at the same position on the sample
surface at a set frequency. The evolution of the
indentation depth, due to the progressing film damage
during the repetitive impacts, is continuously
monitored. Fig. 5a displays related test results at
various impact loads on coating subjected to micro-
small basting by spherical ZrO, grains at a pressure of
0.4 MPa. The impact load increase up to 30 mN is
associated with a continuous depth growth. At the
impact load of 40 mN, a comparable steeper depth
augmentation occurs, caused by the coating
overloading and brittleness increase at high pressures.

The courses of the maximum attained nano-impact
depths at various impact loads versus the micro-
blasting pressure, when coarse Al,O; blasting grains
are employed, are displayed in Fig. 5b. Although up
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Fig. 5. (a) Nano-impact results on wet micro-blasted
coatings by ZrO, grains at 0.4 MPa,
(b) Impact depths at different impact forces on
micro-blasted coatings by Al,O3 grains at
various pressures, (c) Achieved number of
cuts up to a flank wear of ca. 0.2 mm of
micro-blasted coated inserts at various

pressures.

to a repetitive impact load of 20 mN, the higher micro-
blasting pressure of 0.3 MPa seems to improve the film
strength, at 30 mN, the increased coating brittleness
leads to a larger film failure. This effect has to be
considered for explaining the cutting performance of
micro-blasted coated tools (see Fig.5c). The wear
resistance of coated tools subjected to wet micro-
blasting at various pressures by Al,O; grains of an
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average diameter of ca. 100 um was checked in milling.
The applied tool-workpiece system and the main
characteristics of the undeformed chip geometry are
illustrated in the same figure. Micro-blasted tools at a
pressure of 0.2 MPa exhibited the best -cutting
performance, reaching a tool life of approximately
130,000 cuts. A slight tool life reduction at 120,000
cuts up to the same flank wear of 0.2 mm was
encountered at a pressure of 0.3 MPa. Hence, over this
critical micro-blasting pressure, which depends on the
micro-blasting conditions, the higher micro-basting
pressure increases the film brittleness. In this way, the
coated tool wear resistance is also deteriorated. At the
higher micro-blasting pressure of 0.4 MPa, the cutting
performance is additionally restricted by substrate
revelation effects [2,3,4].

A 3D-FEM model was developed for simulating the
nano-impact procedure, considering a piecewise linear
plasticity material law (see Fig.6). In a previous
published FEM model, the strength properties of the
film material were uniformly distributed versus the
coating thickness [13]. By micro-blasting at various
pressures, the attained maximum vyield stress varies
depending on the depth from the coating. In order to
overcome this problem, a new 3D-FEM model was
created, in which, the coating thickness was described
by several material layers, with own elasto-plastic
properties, developed after micro-blasting. The
employed software was the LS-DYNA package. In
these calculations, the simulation of the applied cube
corner indenter geometry is in accordance to the
manufacturer specifications. The boundary conditions
and the finite elements discretization network are
exhibited in this figure. The material properties and the
coating thickness are variable and changeable

diamond cube corner
applied repetitive force

nodes
separation

mechanism detail B

sphere R #75 nm

B
g &
EWS
m(\‘ A
\'-.
A = \SY
microblasted (mb)
Fig. 6. The developed FEM model for simulating

nano-impact test on micro-blasted tools



explode factor : 1
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substrate:HW-K05/K20, coating:Ti,Al,N, t=3.5 um
indenter:cube corner,
frequency: 1 Hz, impact load: 30mN

Fig. 7. 3D-depiction of the crack propagation during
nano-impact test on micro-blasted coatings

parameters. The coating thickness was described by 20
material layers.

During the indenter penetration into the film, it is
assumed that the coating at the FEM model node
regions can withstand the applied load up to a
maximum value, which corresponds to the coating
layer rupture stress and the associated maximum plastic
strain limit. Over these limits, the related nodes are
disconnected from the neighbouring finite elements. If
all nodes of an element are disconnected, the element is
released for simulating a crack formation and becomes
an inactive separate entity. For minimizing the FEM

impact load : 30mN
1" impact || 40 i 80

I loading

unloading

05 1.1 1.7 23 29 35 41 47 GPa 638

substrate: HW-K05/K20.coating: Ti,AlN, t=3.5 pm
indenter: cube corner, frequency: 1 Hz

Fig. 8. Von Mises stress distribution and imprint
geometry on micro-blasted coatings during
loading and after indenter removal at various

impact loads.

calculations solving time, the nodes’ ability to be
disconnected is restricted to those nodes, which are
located on the perpendicular to the coating surface
section levels OAL, OA2, OA3. The edges of the cube
corner indenter lie on these levels during the indenter
penetration into the film material. In this way, the stress
fields developed in the coating and its fracture
evolution in terms of imprint depth versus the repetitive
impacts can be analytically described. A characteristic
example, indicating the crack propagation and thus the
impact depth versus the number of impacts is shown in
Fig. 7.

Characteristic results attained by the developed FEM
model during loading and after indenter removal are
illustrated in figure 8. A comparison between measured
and FEM calculated imprint depths on as deposited and
micro-blasted coatings at impact load of 10 mN and
30 mN during the first 100 impacts is displayed in
Fig. 9. The course of the FEM calculated imprint
depths versus the number of impacts converges
sufficiently with the measured results at all impact
loads. In this way, micro-blasting conditions on films
can be analytically optimized, for avoiding an
undesired level of film brittleness.

6. CONCLUSIONS
In the paper, innovative experimental- analytical
procedures for determining coating strength properties

gradation, film brittleness as well as coating thickness
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distribution after micro-blasting are presented. These
processes render possible a targeted optimization of
micro-blasting conditions, leading to improved coated
tool life.
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POINT CLOUD REDUCTION USING SUPPORT VECTOR MACHINES

Abstract: This paper explores the possibilities of point cloud reduction using & insensitive support vector regression
(&-SVR). & -SVR is a technique that can carry out the regression using different kernel functions (sigmoid, radial
basis function, B-spline, spline, etc.) and it is suitable for detection of flat regions and regions with high curvature
in scanned data. Using & -SVR the density of preserved points is adaptive — preserved points are denser at highly
curved region and rare at flat regions. Adjusting the error cost in the regression, the number of preserved points

can be fine tuned.

Key words: Reverse engineering, point cloud reduction, support vector machines

1. INTRODUCTION

The application of reverse engineering (RE) of the
freeform shaped parts is rapidly dispersing over the
years. Besides the reproduction of parts when original
drawings are not available, RE is applied in the design
of new products (e.g., in automotive industry where the
sheet metal forming tools for car bodies are created
based on wooden or clay models; in consumer products
industry where aesthetic design is important; in
generation of custom made accessories and prostheses
for human) [1].

During the first step of RE, the surface of the
physical object is digitalized and 3D point cloud is
obtained. Contemporary measurement devices [2] and
especially ones based on lasers have high measurement
speed and resolution, giving large and dense point
clouds at output. Although the sampling rate of
measurement device can be adjusted according to the
character of digitalized surface, the operator usually
acquires as many points as possible because he is not
sure about the needed density of points for adequate
reconstruction of certain parts of scanned surface.
Generally, a significantly larger amount of point cloud
data is acquired than one that is sufficient and that can
be efficiently handled during surface reconstruction. In
order to operate with reconstructed surfaces at
reasonable computational cost, the amount of point data
should be reduced.

The easiest solution for data reduction is uniform
downsampling. Nevertheless, in order to preserve the
shape of original surface points, highly curved regions
in point cloud should have high density, while for
relatively flatter areas lover point density is acceptable.
In order to address given issues a number of data point
reduction techniques have been proposed.

The simplest way to create a surface model from
point cloud is to generate a polygonal mesh over it.
Consequently, the first methods for data point reduction
were based on simplification of polygonal meshes [3]
(the research has origins in image processing), while
recent methods are based on direct cloud point data
reduction. The most of the methods for direct cloud
point data reduction are based on the estimation of the

importance of each point in the cloud. For the
importance evaluation different measures are used e.g.,
deviation of normal vectors in the vicinity of the point
[4, 5], Hausdoff distance [6], and maximum deviation
distance [7]. In order to improve decision making fuzzy
logic has been employed [7].

Support vector machines are an emerging technique
for data regression and classification. In this paper a
possibility of € insensitive support vector regression (g-
SVR) application in data point reduction is explored,
and a method for point cloud reduction is proposed.

2. SUPPORT VECTOR REGRESSION

Given is the training data set {(xq, ¥1), (X2, ¥2) ... (X,
1)} where x; represent independent, and y; dependant
variables. The goal of e-SVR is to find a function f(x)
that is as flat as possible and that has maximum &
deviation from y; The errors lower than ¢ are
insignificant. In other words, all the y; should lie in the
e-tube around f{x). In the case of linear dependence, the
function f(x) is in the form:

S)=(wx)+o M)
Ax) is flat if w is small. In order to ensure the flatness:
1
S @
should be minimized, subject to:
‘yi - <w,xi> - b‘ <¢ (3

Nevertheless, in reality the scenarios in which all of the
data lie within & tube are extremely rare and
optimization of the problem (2, 3) is infeasible. In order
to create f(x), anyway, the violation of the condition
that all y; are within ¢ tube is allowed. To formalize this
approach, slack variables &, &' are introduced and
optimization problem (2, 3) is reformulated [8]:

minimize %”W”2 + CZI: (651 + 651*)
i=l1

¥, —<w,xi>;b£g+§i
(Wx)+b-y, <e+&

4)

subject to
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Constant C introduces the tradeoff between function
flatness and number of points out of ¢ tube.

Optimization problem (4) can be represented in dual
form [9]:

1< N N
EZ(ai - \a, -« Xxi,xj>
maximize ”l:l ,
-& (al. —ai*)+ Zyi(al. -, ) 5
i=1 i=1
!
subject to Z(ai -q, ) Oand a;,1; e[O C]
i=1
where &, o; represent Lagrange multipliers. Only for
|f(x;)-y;| > € Lagrange multipliers are nonzero, while for
vectors (points) inside € tube ¢, a[* vanish. The vectors
with nonzero ¢, ¢; are called support vectors.
The solution of the problem (5) is given by:
W= Z(al. -q; )xi 6)

where ns is the number of support vectors, leading to:
= Z(ai - ai*Xxi,x> +b ()

The presented methodology can be applied for
nonlinear regression by mapping data from the input
space into a high-dimensional space where the
regression is linear. It is worth noting that for
optimization problem (5), it is enough to know only the
inner product in the high-dimensional space i.e. it is not
necessary to define the high-dimensional space in
explicit form. Rather opposite, it can be defined using
kernel K(x, x;), which represents inner product in the
space of higher dimension. Introducing K(x, X;),
problem (5) becomes:

5 Xl e el

—al ( ) Zyl(a -q; ) (3)

i=

maximize

!
subject to Z (ai - ai*)= O0and a;, ai* € [0, C]
i=1
while the function f{x) is defined by:
:Z(ai —ai*)K(xi,x)+b ©)
and it is a hyperplane in the high-dimensional space.
The kernel can be any function that satisfies the
conditions of Mercer’s theorem [8]. For example, these
are polynomial kernels, Gauss kernel, sigmoid kernel,
some wavelets. New kernels can be defined by
summing or multiplication of simpler kernels.
For the application at hand, two kernels are of the
significance. The first is the B-spline of order 2n + 1,
defined by 2n + 1 convolution of unit interval:

K(X’ X; )= BZrz+1(I|X - Xi")

with B, = ® l[_, 7}
22

(10)

where 1y denotes indicator function on the set X and ®
is the convolution.
The second is the spline kernel of order £ having N
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knots located at t,, which is defined by:
Z XX + Z ( —t, )I;

3. APPLICATION OF &-SVR IN DATA POINT
REDUCTION

K(xx

Point data cloud is usually, due to the nature of
scanning process, structured into cross sectional curves.
Otherwise, it can be restructured using projections on
cross section planes. e-SVR can be applied to each
cross section and the function f{x) can be obtained.

The fact that function f{(x) is as flat as possible in
high dimensional space, i.e. it conforms as much as
possible to selected kernel in initial space, can be used
for determination of regions where the scanned line is
not highly curved. In these regions the number of
support vectors will be very small. In order to preserve
the curvature, the points can be uniformly
downsampled with predefined step.

On the other hand, in regions with high curvature,
e-SVR will not be able to fit all the points inside the &
tube and the number of support vectors will be higher.
In these areas support vectors can be preserved points.

Due to the unknown curvature, the best kernels for
e-SVR of freeform surface scans are B-spline and
spline. In this paper B-spline is opted to use. The other
two parameters that should be set in order to carry out
&-SVR are error margin € and error cost C.
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Fig. 1. Identified support vectors on synthesized signals
for different values of parameter C (¢=0.3)
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Fig. 2. a) Scanning device; b) A photo of scanned gas
turbine blade; ¢) Obtained point cloud

The value of ¢ is related to the accuracy of scanning
device and surface characteristics’ tolerance and can be
easily defined. The parameter C introduces the tradeoff
between flatness and number of support vectors, i.e.
preserved points, and it can be used for tuning the
number of points that will be preserved in highly
curved areas. The lower C will lead to higher number
of preserved points, and vice versa.

Fig. 1. shows an example of the e-SVR carried out
with different values of C on a curve synthesized in
Matlab. In order to get closer to the reality the curve is
noised with 20dB of white noise. It can be observed
that with the decrease of C the curvature of regression
line is lower and the number of preserved points
(support vectors) in highly curved regions is higher.

4. TURBINE BLADE EXAMPLE

This Section considers a real world example of the gas
turbine blade (Fig. 2b). The pressure side of the blade
represents smooth freeform surface, while its root has
high curvature. The surface on the pressure side is
scanned using set-up shown in Fig. 2a. The scanning
device — laser pe OptoNCDT1700-100 is put on the 2d
Cartesian manipulator. Laser measuring range is
100mm with 14 bit resolution. Measurement error due
to the tilt angles is 0.5% at £30°. The accuracy of
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°_ original data points
reduced data points
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y [mm]

£
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o C=100000
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C=1000000

0 20 40 60 80 100 120 140 160 180 200
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Fig. 3. a) Original points in cross section at x=28mm,;
b-d) Preserved points in the same cross section

manipulator is significantly lower: +0.Imm. The
surface is scanned along y axis in successive cross
sections with the step of 0.2mm. Scanning speed was
100mm/s, and sampling rate 625Hz, which gives
resolution of 0.16mm. The obtained point cloud has
417,500 points and it is presented in Fig. 2c.

Points are structured into cross sections along which
the scanning is performed. Each of the obtained curves
is subjected to &-SVR as previously described.
Parameter & is set to 0.lmm, in accordance with
scanning device accuracy. Parameter C, on the other
hand is varied (Table 1).

e-SVR gives support vectors that represent the
points that should be preserved. Nevertheless in smooth
areas support vectors are infrequent. Thus, in regions
where the distance between two subsequent support
vectors along abscissa was lower than 8mm the original
signal was uniformly downsampled by 8mm (50
samples). In highly curved regions support vectors are
dense and only they are preserved.
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Point data scanned in one typical cross section at
x=28mm are shown in Fig. 3a. Applying &-SVR
together with uniform downsampling where needed,
the number of points is adaptively reduced. The points
on the pressure side surface are reduced by higher rate,
while at highly curved area at blade root the number of
preserved points is higher. Reduced point data for
C=10,000, C=100,000 and C=1,000,000 are shown in
Fig. 3b, 3c and 3d, respectively.

The points in x direction are downsampled
uniformly by 10 — the cross sections with the step of
2mm are taken. The number and percentage of
preserved points for different values of the cost

z[mm]
25
15

c)

40

2 20 x[mm]

Fig. 4. Reduced point clouds and polygonal meshes

C # of preserved |% of preserved |% of prese:'ved
points points - a” points - b”

10,000 5185 1.24 23.05

100,000 3351 0.80 14.9

1,000,000 3020 0.72 13.43

Table 1. Number and percentage of preserved points

* Initial number of points in cloud: @ = 417500
" Number of points after downsampling along x and
excluding points with z=0: 5=22491
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parameter C are shown in Table 1, while reduced point
clouds together with polynomial meshes created in
Catia are shown in Fig. 4.

5. CONCLUSION

This paper proposed a method for adaptive data point
reduction based on e-SVR. It has been shown that SVR
represents a tool that can be effectively used for higher
reduction of data points at flat and lower reduction at
highly curved areas. Cost parameter C is suitable for
fine tuning of the number of preserved points. The B-
spline kernel was selected as suitable for regression of
freeform curves. Nevertheless, B-spline is prone to
oscillation at smooth areas as can be observed in Fig.
3b-3d (y=70-100mm). In order to address this
shortcoming the use of combination of spline and B-
spline kernel could be explored.

The main shortcoming of the proposed method is
the computation cost of SVR optimization problem,
which is very high even with the application of
sequential minimization algorithm.
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HOW THE OPEN INNOVATION CONCEPT AFFECT THE INNOVATIVE
ENTERPRISE STRATEGIES

Abstract: The subject of this paper is to show how the open innovation concept affect the innovative enterprise
strategies. The shift from closed to open model of innovation imposed the necessity to readjust the enterprise
strategies to these changes. Strategies would, therefore, necessarily need to be upgraded due to changes in the
relations between the subjects of innovative activity, need for a stronger connection and cooperation among them,
as well as the changes in the intellectual property management.
Key words: Innovation, Open Innovation, Strategies, Enterprise

1. INTRODUCTION

The concept of open innovation, as one of the
importante trends leads to the transformation of
innovation policy in the companies. It significantly
affects the change of many known elements of the
innovation process, such as intelectual property rights,
capital markets, cooperation between the universities
and the companies etc. After an introduction, the
change of the innovation concept that evaluated from
linear to interactive model is explained. In the next
part, the main characteristics of closed and open
innovation concept are analyzed. In the ligt of these
changes the relatinoship between the company and it’s
environment is changed too. Basic characteristic of the
environment in which companies operate are now
networking and cooperation. That also leads to a new
way of intellectual property management and the
strengthening of the corporate entrepreneurship.
Corporate entrepreneurship involves the need that the
company looks for new attractive business
opportunities, and thus the strategic renewal. Several
types of such strategies are descripted in the
continuation of this paper. In the conclusion, the need
for these changes and directions for the further
harmonization are presented.

2.CHANGES IN CONCEPT OF INNOVATION

The traditional linear model of innovation is based
on the idea that research and development is the key to
innovations. In this model, [1] the innovation process is
described as a chain that links different activities in a
certain ordering. The chain starts with formal research
and development activities followed by applied
research and product development. The step after
product development is commercialization. According
to the linear model of innovation, more research and
development would generate more innovations. Low
research and development capacity could explain low
innovative activity. The policy implication to be drawn
from the linear model is rather straightforward;
innovations rely on R&D promotion.

Criticism against the linear model showed that the

innovation process did not work in such way [2]. Today
it is increasingly recognized that innovation extends
beyond formal research and development activities.
The ability of firms to innovate depends on their
networks with other firms and actors.

There are five main differences between the linear
and the interactive model of innovation [1]:

e There is not just one process of innovation from
research to commercialization; rather, ideas are
generated and developed at all stages of
innovation, including production.

e Basic research is not the only initiator stage. This
is not to imply that basic research pursued in
laboratories is irrelevant to innovation.

e Rather than just being used as the starting point of
innovation, research results are used, in one form
or another, at all stages of the innovation process.

e The relationship between basic research and
commercialization is too complex to be
understood as a straight-line relationship. There
are feedback loops at all stages.

e The linear model reduces the contribution of the
people involved in innovation, to only the first
stages, while the interactive model makes it clear
that innovation can take place in all stages and by
different professions involved.

3. SHIFT FORM CLOSED TO OPEN
INNOVATION MODEL

For the most of the twentieth century enterprises [3]
were closed enough to their own ideas, to their own
manufacturing processes, to their own machines, to
their own scientists and workers. They couldn’t believe
in a network of exchanging information and knowledge
among the other companies. There were strategic
partners and alliances with severe contracts, protecting
the secrets of the company. Secrets were ideas and
inventions, closed inside the research labs of the
company. The research team should cooperate with the
development team for the accomplishing the
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company’s innovation. Problems were revealed from
this communication between the two departments of
research and development. Many companies put their
ideas coming from the research team on the shelf and
after a long time perhaps the development team use
these ideas. Many dangerous factors came from this
inventory, ideas sitting on the shelf, such as many
scientists, watching their ideas to wait, could not afford
it and resigned from their current position and went to a
better conditions of working and developing their
believes.

The view behind the closed innovation model is that
successful innovation requires control. It supposes that
enterprises must generate their own ideas and then
develop them, build them, market them, distribute
them, service them, finance them, and support them on
their own. This closed paradigm counsels enterprises to
be strongly self-reliant, because one cannot be sure of
the quality, availability, and capability of others’ ideas.
[4] The dominant logic behind closed innovation was
internally focused: enterprises invested in innovation,
which led to many breakthrough discoveries. These
discoveries enabled those enterprises to bring new
products and services to the market, to realize more
sales and higher margins because of these products, and
then to reinvest in more internal innovation, which led
to further breakthroughs. And because the intellectual
property (IP) that arises from this internal innovation
was closely guarded, rivals could barely exploit these
ideas for their own profit. That concept was closely
linked to mass-production and the rise of consumerism,
both feeding on strongly integrated enterprises and
markets. As mass markets were the dominant type of
markets, it was only logical that such innovation
structures promised to wipe out competition and enable
monopolistic rents.

Open innovation has emerged as a model where
firms commercialize both external and internal
ideas/technologies and use both external and internal
resources. [5] The boundary between a firm and its
surrounding environment is more porous, enabling
innovation to move easily between the two. In an open
innovation process, projects can be launched from
internal or external sources and new technology can
enter at various stages. Projects can also go to market
in many ways, [6] such as out-licensing or a spin-off
venture in addition to traditional sales channels.

Open innovation is described as [7] both a set of
practices for profiting from innovation and also a
cognitive model for creating, interpreting and
researching those practices.

Chesbrough defines open innovation as [8] the use
of purposive inflows and outflows of knowledge to
accelerate internal innovation, and expand the markets
for external use of innovation, respectively. Open
Innovation is a paradigm that assumes that firms can
and should use external ideas as well as internal ideas,
and internal and external paths to market, as the firms
look to advance their technology. He describes how
companies in the 20th century have invested heavily in
internal research and development and hired the best
people — enabling them to develop the most innovative
ideas and protect them with intellectual property
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strategies. [5] The generated profit was used to reinvest
in research and development — in a virtuous circle of
innovation. However, in the end of the 20th century, a
number of factors have changed. The mobility of
knowledge workers increased and availability of
venture capital grow. [5] This has caused the closed
innovation process in firms to start breaking up.
Chesbrough identifies a number of factors
indicating a shift in how innovation was managed [6]:
o Useful knowledge has become widely diffused
e Companies do not take full advantage of the
wealth of information
e Ideas that are not readily used can be lost
e The value of an idea or a technology depend on its
business model
e The presence of VC changes the innovation
process for everyone
e Companies need to be active sellers and buyers of
intellectual property (1P)

4. CHANGES IN THE ENTERPRISE
STRATEGIES

In the altered relationship between the enterprize
and its environment in the light of oppen innovation, it
is growing the role of connectivity and networking
between companies and  their  environment.
Accoridngly, the basic charactristics of the
environment in which enteriprizes operate should be
networking and cooperation. Cooperative
entrepreneurship meant that the company is ooking for
new attractive business opportunities, and thus strategic
renewal. It helps them to build new sources of
competitive advantage which will generate above-
average income or rebild their unique advantages by
using the results of innovation process. Successful
corporate entrepreneurship means that enterprize
usually has to go out of current operations and markets
in search of new opportunities.

The most important strategies in this regard are:
e The Blue Ocean Strategy and
e Strategy of new ventures

4.1. ,,Blue Ocean Strategy*

»Blue Ocean Strategy” is commonly uded in
industries that record a fall and it is an example of how
to open a new market for the company.

»Blue Ocean® is actually a market where there is a
little, or no competition [8] . Using this model of
strategy the company can outperform its competitors,
who limited their growth to gradually improvement
through the introduction and expansion of productive
activities in comercial areas where is great competition.

Elements of the ,,Blue Ocean Strategy* are [8]:

e Create uncontested market space-companies that
implement this strategy should not only seek a
market without competition, but they alone should
make them. This is possible due to rapid
development of technologies that open up new
opportunities for companies



e Make the competition irellevant — instead of using
competition as a benchmark, by using this
strategy companies can go outside the borders of
certain economic activities so they could offer
new, different products. Here technological
innovation does not play a decissive role.

e Create and capture new demand — means that
companies are not fighting in the current market,
but looking for good opportunites in unexplored
territory

e Break the value/cost trade off — companies reject
the idea that the balance between value and cost is
necessary, but look for opportunities that will
bring benefits both in cost structure, and a unique
value for customera

e Allign the whole system of a company’s activities
in pursuit of differentiation and low cost —
companies set up such a system for sustainable
business strategies by integrating tehe capacities,
prices and costs.

When companies once create and adopt ,,Blue
Ocean Strategy* they quickly achieve economies of
scale, gain advantages in learning and achieve
synergies in all aspects of their organizational system.
This strategy opens a way for companies to achieve and
maintain competitive advantage, because it is very
difficult to imitate them.

4.2. Strategy of new ventures

Companies that use focused approach usually
separate corporate enterprise activities of other on
going opperation in the company. Corporate
entrepreneurship by using the capital for new corporate
ventures provides the achievement of the entreprneurial
goals independently form other company departments.
The advantage is reflected in the fact that members of
the entrepreneurial team leaves the freedom to work
without restrictions and constraints that impose the
organizational routine and norms. This ussually leads to
innovation and creativity.

Company form groups for new ventures, which aim
is to identify and assess the chances of success of the
enterprise. These groups tipically have greater powers
than the departments for research and development and
cooperate with the other organizational units within the
company, identify potential partners in the ventures,
collect resources and launch new products which are
the result of an innovative enterprise.

The volume of capital for new corporate ventures is
permanently increasing, especially in industries with
high growth potential, such as biotechnology and
technology. Some companies invest in technologies
simillar to its basic field enabling potential synergies in
future.

5. CONCLUSIONS

If companies want to joint international trends and
creating of better competition position they should
implement the strategy of innovation and carried out
innovation continously to provide sofisticated markets.

In the world of open innovation, where the basic
features of the environment in which companies
operate should be networking and cooperation, the new
management of intellectual property and corporate
entrepreneurship are strongly needed to solve problems
and ambiguities that arise between market demands and
internal entities. In this regard it is necessary to create a
response to these external and internal discontinuities.

Knowledge management should be in function to
empower each individual and the company to find
answers to unknown changes and to establish a process
of continuous improvement in compliance with the
strategic management of the company.
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STATISTICAL ANALYSIS OF THE QUALITY OF SURFACE COATED PARTS
(DEPENDENCE OF ROUGHNESS OF MACHINING ALLOWANCE AND CUTTING
MODES)

Abstract: In this paper the dependence of the quality indicators (for example, the roughness parameter Ra) of
machined surfaces of parts with gas-thermal sprayed coating from powder PG-12N-01system Ni-Cr-B-Si, which had
coated flame-spraying of the following melting, the thickness in the range 0.6 ... 2.4 mm from the value of the
allowance and accepted of cutting modes are analyzed. The necessity is based of costs probability-statistical method
an appointment of allowances for the processing coatings and the specific sequence of technological influences

during it.

Key words: gas-thermal sprayed coating, flame coating, coating thickness, coating layer, cutting, a layer

processing, cutting speed, feed.

1. INTRODUCTION

The research results of cutting gas-thermal sprayed
coatings (GTSC), indicates that the physical and
mechanical properties of the latter within them have
considerable scatter, and the limits of variations of their
values depends on the coating thickness and deposition
spraying [1]. Also it is known that within the coating is
a interlayer, density and other indicators of quality
which is higher in comparison with the upper layers
and those that are adjacent to the base. Since the final
machining of workpieces with a coating (base +
coating) is realized out in the first place to achieve
one's object the specified quality surface finish (quality,
roughness, microhardness, etc.), it is necessary to
appoint such allowance for processing Z, the removal
its will form a working (machined) surface in the
highest quality interlayer o coatings. Since the cost of
parts from GTSC is proportional to the allowances, the
rational values of the latter would provide savings in
materials and energy during machining. Overstated
allowance for the machining of coatings, which are
practiced at the present time, usually provides accurate
size and shape, but because it is chosen intuitively by
far not always guarantees the required quality of the
surface (for example, the same roughness). Understated
allowance also does not provide the quality of
machined surfaces, in addition, gives to obtaining a
marriage for the dimensional characteristics. In general,
the processing gas-thermal coatings are blurred
established notions as: the maximum allowance, the
minimum allowance, nominal allowance, the average
allowance. As it will show below, the oscillation Z is
limited by the thickness (depth) coating area and
quality of its location within the coating, as well as the
location a certain thickness of the coating based on (the
depth of previous treatment basis under the coating).

Unfortunately, the computational-analytical method
for the determination allowances, which is based on
consideration factors that affects the previous
allowances and executing transition process, surface

treatment, and connects Z with limiting size of the
drive surface does not allow to receive the specified
guaranteed quality of surfaces in the processing of
coatings [2 ]. The reason is that, as a rule, the value of
the highest quality interlayer (its slowness to coating
thickness) and its location within the coating are
unknown. In addition, it is necessary to take into
account the ratio of coating thickness ha and a depth
previous treatment basis under the coating, a value
waviness of coating surface and to take into account the
fact that a range of thicknesses used in practice GTSC
(thickness in the range 0,5...3,0 mm) in the presence
of tools of polycrystalline super hard materials based
on cubic boron nitride (CBN-based PSHM) allows the
processing of gas-thermal (including, gas-flame)
coating in one pass. And the very definition of an
allowance for the first pass (relatively of the processing
coatings is often just one) processing workpieces
coated has its own specificity - must be considered as a
tolerance of the thickness the coating, and the tolerance
on size of the basis [2]. In the system the analytical
determination of allowances almost no databases and
regulatory materials for machining GTSC could be
found.

2. EXPERIMENTAL RESULTS AND ANALYSIS

Consider previous in these circumstances it is

expedient in the determination of allowances for the
processing of coatings to switch to the use of
probabilistic-statistical method, which is based on a
probabilistic approach, which is theoretically more
correct. The mathematical statistical method gives an
opportunity to generalize the results of a large number
0 experiments and provide a high level of accuracy of
both the allowance and its components.
To establish the relationship Ra working surfaces of
parts with coatings obtained by flame-spraying of the
following melting of powder PG-12N-01system Ni-Cr-
B-Si, on the based choice Z and modes of processing
(cutting speed V and feed S).
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In order to determine the slowness of the thickness and
location of the highest quality in the gas-flame coating
interlayer with the following melting of the powder
PG-12N-01 (TC 48-4206-158-82, PJSC.
"Toreztverdosplav") ha = 0,6...2,4 mm have been
applied on the basis of the 45 steel, a studded Ra
layerwise of machined surfaces 70 of the specimens,
simulators cylinder parts, dimensions g44, 8 ... 45.0
mm x 100.0 ... 150.0 mm at different depths within the
coating h ",

Spraying was realized on specimens installation

KNPA-1,2M, had been designed by the department of
mechanical engineering and design of technical
systems Zhitomir State Technological University, at the
mode and to compliance to the parameters, had been
used and recommended for practical application of a
measurement, including [3] (Table 1.). Processing of
specimens was conducted out at the screw-cutting lathe
with continuously variable speeds and feeds 16B05AF1
lathe cutting tool equipped with a circular plate of the
PSTM based on the NSC - kiborita (RNMNO090300T,
29,52 x 3.18 mm).

Costs of Costs of Pressure Costs of | Distance | The rate of movement of
Working gas acetylene oxygen MPa ' | powder, | ofspraying, the burner,
m3/hour kg/hour mm m/min
Oxygen + acetylene | 1,00...1,05 | 6,0 0,4 6,0 150 52...54

Table 1. Working gases, standards cost of the gases and the powder modes and parameters of the flame spraying of

coatings on the specimens

The modes of turning and tool geometrical
parameters were chosen based on a number of
recommendations, in particular [1]: V=15 m/s; S =
0,1 mm /rev, rake angle - (-6 °); rear corner - 6 °.

After conducting experiments at a computer system
Mathcad Pro were analyzed the statistics of the were
processed surfaces Ra, previously had been obtained in
this study, based on regression models. Step by step
presentation of data such parameter as the depth
location of the machined surface inside the coating and

its determination allows the analysis of Ra, which had a
stochastic nature, by reducing the models regression to
the trend. The task the statistical analysis for each of
the coating thickness was to: 1) statistical evaluation of
the true meaning of Ramin, depending on the location
of the machined surface, 2) assess the value of finding
the depth of the machined surface, corresponding to the
true value of Ramin,, on the basis of statistical data. Ra
values of the treated surfaces located at different h ', are
given in Table 2.

No h“.: 0,6 MM h“.: 0,9 Mmm h“.: 1,2 Mmm h“,: 1,5 Mmm hn'= 1,8 Mmm hn'= 2,1 Mmm hn'= 2,4 Mm
p/b h, Ra, h, Ra, h, Ra, h, Ra, h, Ra, h, Ra, h, Ra,
MM | MKM | MM | MKM | MM | MKM | MM | MKM | MM | MKM | MM | MKM | MM | MKM

1 |000| 162 | 0,00 | 182 | 0,00 | 232 | 0,00 | 212 | 0,00 | 2,44 | 0,00 | 2,15 | 0,00 | 2,24

2 /005|123 |005|134|005]|197 | 0,08 | 156 | 0,10 | 2,06 | 0,10 | 2,22 | 0,10 | 2,16

3 /1008|115 0,10 | 1,09 | 0,10 | 2,45 | 0,16 | 1,72 | 0,20 | 1,74 | 0,20 | 1,68 | 0,20 | 1,63

4 | 010 | 068|014 | 0,72 | 0,15 | 1,86 | 0,24 | 1,96 | 0,30 | 1,15 | 0,30 | 1,32 | 0,30 | 1,25

51012 | 065 | 0,18 | 068 | 0,20 | 1,62 | 0,32 | 1,34 | 0,40 | 0,97 | 0,40 | 0,57 | 0,40 | 0,91

6 | 015|032 | 0,22 | 041 | 0,25 | 1,14 | 0,40 | 0,76 | 0,50 | 0,62 | 0,50 | 0,45 | 0,50 | 0,82

7 1018|039 | 0,28 | 0,32 | 0,30 | 0,87 | 0,48 | 0,48 | 0,60 | 0,72 | 0,60 | 0,34 | 0,60 | 0,73

8 | 020|062 032|044 | 035|080 056 | 052 0,70 086|070 | 049 | 0,70 | 0,58

9 | 023|057 036|064 |04 |073]| 064|063/ 0801|068/ 080|068/ 0,80 | 0,79

10 | 0,25 | 0,58 | 0,40 | 0,48 | 0,45 | 0,99 | 0,72 | 0,96 | 0,90 | 0,92 | 0,90 | 0,57 | 0,90 | 0,86
11 | 0,28 | 0,51 | 0,44 | 0,52 | 0,50 | 0,84 | 0,80 | 0,85 | 1,00 | 1,12 | 1,00 | 0,87 | 1,00 | 0,99
12 | 0,30 | 0,80 | 0,48 | 0,80 | 0,55 | 0,79 | 0,88 | 0,79 | 1,0 | 1,07 | 1,10 | 0,77 | 1,10 | 1,15
13 | 0,33 | 0,90 | 0,52 | 0,74 | 0,60 | 0,87 | 0,96 | 1,02 | 1,20 | 1,14 | 1,20 | 1,23 | 1,20 | 1,06
14 | 0,35 | 0,82 | 0,56 | 1,22 | 0,65 | 1,01 | 1,04 | 0,92 | 1,30 | 1,09 | 1,30 | 1,17 | 1,30 | 1,21
15| 0,38 | 099 | 0,60 | 1,08 | 0,70 | 1,23 | 1,12 | 1,47 | 1,40 | 1,43 | 1,40 | 1,48 | 1,40 | 1,18
16 | 0,40 | 1,32 | 0,64 | 1,31 | 0,75 | 1,16 | 1,20 | 1,27 | 1,50 | 1,39 | 1,50 | 1,73 | 1,50 | 1,19
17 | 043 | 135 | 0,68 | 1,72 | 0,80 | 1,10 | 1,28 | 1,15 | 1,60 | 1,56 | 1,60 | 1,71 | 1,60 | 1,23
18 | 045 | 1,70 | 0,72 | 1,56 | 0,85 | 1,15 | 1,36 | 1,44 | 1,70 | 1,83 | 1,70 | 1,66 | 1,70 | 1,45
19 | 048 | 166 | 0,76 | 1,77 | 0,90 | 1,21 | 1,44 | 1,82 | 1,80 | 2,04 | 1,80 | 2,01 | 1,80 | 1,56
20 | 050 | 165 | 0,81 | 1,88 | 0,95 | 1,29 | 1,50 | 2,07 - — 190 | 1,97 | 1,90 | 1,88
21 | 053 | 1,65 | 0,85 | 1,97 | 1,00 | 1,15 — — - — 2,00 | 2,02 | 2,00 | 1,79
22 | 055 | 1,60 | 0,90 | 2,16 | 1,05 | 1,55 — — - — 2,10 | 2,32 | 2,10 | 1,91
23 | 0,52 | 1,99 — - 1,10 | 1,89 — — - — - — 2,20 | 2,14
24 | 0,60 | 2,15 — - 1,20 | 2,18 — — - — - — 2,30 | 2,38
25 - - - - - - - - - - - - 2,40 | 2,49

Table 2. The Ra surfaces had been treated at different h 'inside a coating of PG-12N-01
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The first task was solved by building a statistical
analysis of the confidence interval for the true meaning
of Ramin. For the trend model, Ra, subject to that the
equation of the model (trend) was a convex function (as
we know, such a function always exists a global
minimum), it was found the expected (average
minimum) value of Ramin, that is, the center of the
confidence interval, and as its boundary.
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Fig. 1. An approximation of the curve Ra depending on
h'(ha=0.6 mm)

Based on the graph (Fig. 1.), the upper limit of the
confidence interval as a line parallel to the axis of the

depth of the machined surface inside the coating, the
trend intersects the graph at two points, abscissas of
which are the upper and lower limits of the confidence
interval of the values of h ', which is responsible the
true value of Ramin.

The confidence interval covers the true value Ramin
with a probability of 0.99, as forecast. Hence, it appears
that the confidence interval of the values of h ', which
corresponds to the true value of Ramin, cover it well
with a probability of 0.99.

According to the above have been set forth, for each
of the studied ha (0.6, 1.2, 1.8, 2.4 mm) were built by
their confidence intervals, with a probability of 0.99
that cover the true values of h ', corresponding to the
true meaning of Ramin .

Subsequent task of statistical analysis of
experimental data processing was to evaluate the
dependence of Ramin from ha. For realization this
analysis, a sampling of four ha (0.6; 1.2; 1.8; 2.4 mm)
was insufficient. Therefore, additional specimens have
been treated with ha = 0.9, 1.5 and 2.1 mm. In Table 3.
for each with a 7 ha is a list of equations approximation
of curves (trends), according to statistics Ra
dependence on h ', and are based on trends in the upper
and lower limits of the confidence intervals of the true
values of h', corresponding to the true Ramin.

The lower limit of | The upper limit of
ha The equation of curve approximation the confidence the confidence
interval interval
0,6 Ra = 1,32758 — 4,99929h + 29,55725h** 0,05075 0,32803
0,9 Ra = 1,38705 — 19,49908h + 21,16938h 2 0,10554 0,45970
1,2 Ra =2,21190 — 15,59690h + 14,90000h 2 0,19650 0,87600
1,5 Ra = 1,86006 — 12,00018h + 11,26888h 2 0,15450 1,04764
1,8 Ra = 2,06310 — 11,09320h + 9,97100h*? 0,32600 1,10420
2,1 Ra =1,99210 — 10,62118h" + 9,44807h*? 0,24613 1,30452
2,4 Ra = 1,65210 — 7,62660h" + 6,61360h ™2 0,32520 1,41310

Table 3. Results of statistical data processing

Further statistical analysis was constructed of
models approximation of the upper and lower limits of
confidence intervals h' (Fig. 2.).

In the graphs (see Fig. 2.) it can determine the
location of the coating layer, inside which can be
guaranteed to receive the surface with the lowest Ra.
For example, to coating ha = 1 mm should be
prescribed treatment with Z in the range 0.14 ... 0.64
mm. By these same figures for coatings ha=1.0 ... 2.4
mm, it can choose Z = 0,32 ... 0,67 mm, coating ha =
15 .24 mm-2Z=0,32..100 mm. Finally Z is
necessary to determine the value of paying attention to
the deterioration of the working surface and the depth
of the selected treatment basis under the previous
coating. Should try to coating both have a certain
thickness on the basis that the beginning of the higher
quality of the layer coincides with the working surface
detail, and the value does not exceed the allowable
depreciation of its length inside the coating.

Given the machined working surface roughness of
the parts with coating, was located in the qualitative
criterion of Ra layer, can be achieved by varying
cutting conditions - in this case, - V and S (do not

forget that the processing of the specimens was being
realized out at the recommended (generalized) for this
class of coatings modes .)

For this purpose, two-factor experiment was
conducted to determine the dependence of Ra = f (V,
S). The specimens were being treated with g45 mm x
100 mm (coating PG-12N-01, ha = 1.5 mm) with an
allowance that ensured the formation of a working
surface in the high-quality coating layer.

The result of this experiment was a mathematical
relationship Ra = -360 - 0,03v0,20 +
+12,50V0,0850,08 — 12,30S0,20, it allowed to
determine VV and S to obtain the required surface
roughness.

Since GTSC heterogeneous in nature, in order to
ensure the required quality of working surfaces is
necessary to consider during their mechanical
treatment. In this case it is advisable to move to a new
technique for designing processing —to take in mind of
the properties the material the details (in this case - it is
the coating material) and to provide a sequence of
technological influences, depending on the operational
requirements for it.
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Fig. 2. The curves of the upper approximation (©) and
lower (=) outside the confidence intervals h *, which
shows the location of the highest quality criterion for
the inside coating layer Ra (ha = 0.6 ... 2.4 mm)

Due to the fact that to removal of various
allowances by cutting gives different Ra, and, it is
obviously, microhardness, wear resistance and the like
of surface finish, it is need to know how the quality
depends on Z. Appoint Z should given the structure of
the coating and the qualitative and quantitative
relationships of physical and mechanical properties
within it.

Since the conditions for the formation of the coating
thickness of the three zones provides a significant set of
factors influence, the optimal Z is expedient to
determine the probabilistic-statistical method, which
will allow form a working surface of the part in the
most appropriate for their performance interlayer. This
approach solves the problem of not only the exact size
treatment (it can be solved with expensive Z), but also
provides the necessary operational parameters of the
working surfaces of parts with coatings. In addition, the
definition of a single (general) allowance for a certain
range of coating thickness is relevant, if to attack
attention to the fact that the method of deposition
provides a significant dispersion of hp.

For example, with respect to coating of powder PG-
12N-01 ha = 1.0 ... 2.4 mm, which have the greatest
practical use, taking into account the results of the
study, it is necessary to assign Z in the range 0.32 ...
0.67 mm.

3. CONCLUSION

To determine the optimal location of the Z and
coatings based on, that is, providing conditions for the
formation of the working surface in the high-quality
(for this or that quality criteria) layer, it is advisable to
provide the necessary values of Ra the treated surface
by varying cutting conditions.

Subsequent studies in this area should be extended to
other coating systems Ni-Cr-B-Si, covering not only Ra
experiments, but also such quality indicators as
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microhardness and wear resistance, and to orient them
to the theoretical justification of methods for
determining the location of the highest quality within
the coating different criteria for the layers. This will
provide an opportunity to unify the value of allowances
for processing GTSC from different powders and
different ranges of thickness.
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ANALYSIS OF TOPOGRAPHY OF CYLINDERS MACHINED BY CUTTING TOOLS

Abstract: Surface of real body is complex. On the real surface there are many different errors and irregularities in
the macro, micro and nano level. Errors can be both at the mass level and the level of geometric tolerances and
substantively influence the processes of friction and wear processes of elements of tribo-mechanical systems. In
nature there are no absolutely smooth surfaces. Unevenness, resulting from semi-rough and final operations, can
cause major or minor irregularities of triboelements. In this paper the surface topography of cylinder caused by
machining by cutting tools and the topography of cylinder surface during the life cycle are analyzed.

Key words: Topography, rollers, tools for machining, wear, tribo-mechanical system.

1. INTRODUCTION

The topography of the contact surfaces has a great
influence on the wear and working life of tribo-
mechanical systems, but these influences are still not
well examined. Contact surface of elements of tribo-
mechanical systems after final machining is never
absolutely smooth. Technological heritage incurred as a
result of semi-rough and final operations is
characterized by the parameters of the topography or
the topography of contact surfaces [1,2]. The geometric
parameters of the contact surfaces under the influence
of plastic deformation, formation of other structures
and destruction of surfaces during friction are greatly
affected. Starting topography, caused by machining
technology which becomes exploitation is constantly
changing throughout the life cycle [2,3].

2. CONTACT SURFACES TOPOGRAPHY

Real surfaces in engineering, no matter how
carefully or expensive they have been prepared, could
not have perfect geometry. Taking errors in appearance
and form of elements of tribo-mechanical system into
consideration surface roughness always exists and it is
obvious if analyzed using appropriate devices. Each
contact of two surfaces that belong solid has a discrete
nature and it is carried out in certain number of points.
When two such surfaces burden, the load will first be
transferred to their tops of surface roughness or
unevenness. The geometry of individual contact points
and manner of real contact bulges arrangement along
the normal or natural contact surface are obviously
interesting to tribologist in an attempt to predict the
overall behavior or the history of contact.

Tribological contact is shown in Fig. 1. [4]. The
characteristic elements of the tribological model and
possible situation can be seen in this figure, where the
contact of the two surfaces that is relatively moving can
arise tribological problems. Moving of element 1 along
element 2 can be achieved with the proper use of
energy in breaking the friction connections formed in
the contact zone on the top of unevenness of both

bodies in contact. The process of forming friction
connections and their breaking is constantly lasting
during the forming of contacts and movement of one
element along the other.
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Fig. 2 Schematic design of surface topography obtained
by grinding method

Roughness of the surface machined by grinding process
is a result of material removal process, because the
cutting elements for grinding leave furrows on the
ground surface (Fig. 2).

Phenomenon of friction in the contact zones of tribo-
mechanical systems of all types is the main cause of
energy dissipation in mechanical systems. It is believed
that 30 to 50% of the total energy consumed in the
industry for relative moving is spent on friction force.
Another process in tribo-mechanical systems is a
process of moving masses. In the process of making
contact mass transfer occurs between elements and vice
Vversa.

Mass change of elements in contact, change of their
shape or dimensions leads eventually to its inability to
perform its function or interruption of service of the
tribo-mechanical system. After replacing worn element
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by new one, tribo-mechanical system is once again able
to continue to perform its function.

Interaction between the surfaces during relative motion
is a complex phenomenon that involves changes of
surfaces of basic materials and any coating created
between the two surfaces. These changes are caused by
temperature change at the surface, the change in the
chemical composition of the surface, changes in
metallurgical properties of some layers as well as
changes in the physical properties of the lubricant at
increased load and temperature created by relative
motion. Temperature changes at place of surface
interaction appear due to the heat generated as a result
of friction. Geometrically complex of surfaces in
engineering illustrates how the movement of cutting
tools and the nature of the material. The shape of the
surface in contact, in principle, is affected by the two
types of errors, macro and micro errors. Macro errors
are appeared when the form of element deviates from
some ideal geometric dimensions and geometric
shapes, or in case of geometric errors of position.
Micro errors include waviness and roughness (Fig. 3)

[1,4,5].
1) WW
2) /\/
3 AWV VAN

Fig. 3. The components of surface topography: the total
profile (1) represents the combined effects of
waviness (2) and roughness (3) superimposed on
the geometric shape or form of the component
surface.

In reality, surface of each body is extremely complex.
Its condition is so different from geometric regularity
and experts tend to use certain parameters in order to
prove how much that surface is distorted.

The study of surfaces is relatively new. Therefore,
testing of surfaces raises more questions for
technologists and tribologists, such as: What is the
optimal surface? Is it possible for an application to find
just a special surface that will optimally be suitable for
the working conditions? Why are sliding surface
inclined to heat loads? Why pieces from wear process
between the contact surfaces are plastically deformed
despite reasonably low contact loads?

Although it is possible to answer on some of these
issues with a current knowledge, many others remain
the subject of modern research.

Topography of ground surface has been studied by
many authors, but the unambiguous laws have not yet
achieved.

3. EXPERIMENTAL RESULTS

Rollers on which the topography parameters were
measured are elements of extrusion line. Extrusion line
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is a plant for the production of foils andplates. It is
consists of three extruders. The largest extruder has a
worm with diameter of 90mm, medium extruder has a
worm with diameter of 60mm and the smallest extruder
has worm with 45mm diameter. The total capacity of
the extrusion line is 300kg / h. The extrusion line has
two tools. One tool is for producing single-layer and
three-layer foils and plates, thickness of 1mm to 5 mm
and width of 400mm to 1000mm. Another tool is for
producing single-, double-layer, three-layer and five-
layer foils thickness of 0.5 to 3 mm, a width of 300mm
to 700mm. Cooling (crystallization) of the foil is done
by rollers (calendaring) that are heated by hot water
(Fig. 4). Upper roller diameter is 380mm and the two
bottom rollers have a diameter of 500mm. Cutting of
foils to the correct width is done by using two circular
blade. At the end of the line for the extrusion is device
for foil winding or plates cutting to the given
dimensions.

Fig. 4. First Rollers

Raw materials (granule, regenerate, master-butch) are
put into the basket at the entrance of the extruder using
the dispensing system. Worms trigger mass which
melts at temperatures of 180 Celsius degrees to 250
Celsius degrees and inside the tool thickness and width
of the foil are formed.

The concept of swallow tail is about the look of tools
where the mass came from the extruder is distributed in
width and thickness, and the output from the tool forms
a width. A gap between the rolls determines the final
foil thickness.

Rollers were machined by grinding tools, nitrated and
highly polished (Fig. 4). Additional machining is done
in the case of damage by the nitrating and high polish.
Parameters of rollers topography were analyzed on
three rollers that were in operation and the number of
measurement points along the length and circumference
of the cylinder is 5 (Fig. 5.).

Measurement of topography parameters was performed
with Surface Roughness Tester device SJ-301Mitutoyo.
In Fig. 5. roughness parameters, profile and percentage
distribution curve of profile bearing at the first roller
for the measurement point number 3 are given.
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Fig. 5. Measurement points of the length and
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roughness parameters, profile and percent
distribution curve of profile bearing at roller |
measuring point 3
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Fig. 6. Roughness parameters in the axial points for the
first roller
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Fig. 7. Roughness parameters in extensive points for
the first roller on the right end
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Fig. 8. Roughness parameters in extensive points for
the first roller in the middle
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Fig. 9. Roughness parameters in the axial points for the
second roller
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Fig. 10. Roughness parameters in extensive points for
the second roller at the right end
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Fig. 11. Roughness parameters in extensive points for
the second cylinder in the middle
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Fig. 12. Roughness parameters in the axial points for
the third roller
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Fig. 13. Roughness parameters in extensive points for
the third roller at the right end
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Fig. 14. Roughness parameters in extensive points for
the third roller in the middle

The roughness parameters in the axial and extensive
points for the first roller are shown in Fig. 6, 7 and 8.
Roughness parameters in axial and extensive points for
the second roller are shown in Fig. 9, 10 and 11.
Roughness parameters in the axial and extensive points
for the third roller are given in Fig. 12, 13 and 14. Last
measurement points in the axial direction for all three
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rollers are located outside the area of the exploitation of
these and they are 50mm away from the frontal side of
the rollers. In all three rollers inside measuring point
are in the exploitation area.

In Fig. 6, 9 and 12 roughness parameters are smaller in
area which is not exploitable than in exploitation area.
Roughness parameters in the extensive points of
exploitation area vary, but are still within the permitted
tolerances. Based on the analysis of roughness
parameters for all 75 measurement points can be
observed that the least variation is for Ra, Rq and R3z,
and the greatest variation is for Ry and Rz Rt.

4. CONCLUSION

Quality of machined surface has a significant impact on
the performance of tribo-mechanical element. The
topography is defined in exploitation area and in the
area which is not exploitable for all three rollers. Based
on the analysis of experimental measurement results it
can be concluded that the roughness parameters are
slightly higher in the exploitation area.
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APPLICATION OF A NEW DEVICE FOR MEASURING HARD COATINGS
THICKNESS UNIFORMITY APPLIED ON LARGE SIZE TOOLS

Abstract: A novel design of equipment for measuring the thickness of thin surface films is presented in this article.
In comparison to previous designs the new one brings a possibility to change the test ball position. This allows
thickness measurement of coatings applied on large tools. This is of special importance because it is difficult to
achieve uniform thickness on large tools and thickness measurement is not possible by using standard equipment.
All tests were conducted on steel discs coated with 0.8 um thick TiN hard coating. Prior to the coating deposition
sample surfaces were prepared to a different degree of surface roughness. Obtained results show that the new
equipment can be successfully used on large-sized coated tools if a proper measurement method is chosen.
Keywords: ball crater test, thickness, hard coating, large tools

1. INTRODUCTION

There is a great number of different tests used for
coating thickness determination, such as profilometry
[1], scanning electron microscopy [2] ball cratering
method [3] and others. Among them the ball crater test
stands up as the mostly used and favorable because it is
fast, accurate, inexpensive and can be used of single
and multilayered coatings. The test can be used to
measure the thickness from 0.1 to 50 um. Some
companies which produce coating research equipment
refer to this test as calotest. The test has found
widespread use in measuring the thickness of hard and
super-hard coatings which are very important for the
field of mechanical engineering, particularly in the arca
of production tools. Casting dies, especially the ones
used for pressure casting appear to have significantly
large dimensions. Measurement of coating thickness on
different areas of such large tools is not possible by
using standard ball cratering equipment. When it is not
possible to measure the coating thickness, evaluation of
the deposition process quality is significantly affected.
Lately, the so called industrial calotester [4] was
introduced. This device gives a possibility to measure
the thickness of surface layers applied on mechanical
parts which have larger dimensions. However, this
device is characterized by relatively complicated and
expensive design. Therefore, we decided to propose a
novel design of a ball cratering device which can be
easily produced and on low costs. It is proposed that
drive shaft have a large overhang, which would enable
measurement of coating thickness on different surfaces
of large tools.

2. EXPERIMENTAL DETAILS

2.1 Principle of ball crater test

Damond pasts
O o ¥
y
sample \l\

Diriwe
shaft

Fig. 1. Schematic of coating thickness measurement

A rotating hardened steel sphere with a known diameter
is pressed onto the surface of a coated test sample or an
actual coated mechanical component. Diamond
abrasive paste is applied to the sphere and as it rotates
the crater is abraded through the coating to the
substrate [5]. The normal force applied on the sample is
determined by the ball weight and angle of the sample
holder. The ball is rotated via the via the drive shaft
with adjustable rotating speed. A schematic of the ball
crater test is presented in Fig. 1.

b) multilayer coating [5]
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The resulting crater is observed by optical microscope
and distances “x” and “y” are measured (Fig. 2). The
thickness of the coating is calculated according to
sample geometry. Captured images can be stored for
future references which is particularly useful when the
coating equipment is part of a production department.

Substrate

d
X ¥

Fig. 3. Determining the coating thickness on a flat
sample [5]

Ball crater test can be applied on flat samples, sphere
and cylinder samples. Thickness of the coating applied
on flat samples can be determined in the following
manner (see Fig. 3):

s=T—t (1)

where T present the depth of penetration:

1
T=R—(E\/4R2 -D?%) )
t is the depth of penetration in substrate:

t=R—(%\/4R2—d2) 3)

Finally the coating thickness can be determined:

s=%(x/4R2—d2 —4R?> - D?) “4)

If d =D and D < R it follows that:

-

s =
2R

(6))
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2.2 Types of ball crater test devices and their
application
Two types of ball crater test devices can be
commercially found:
» Compact calotest device
* Industrial calotest device

Compact calotest device (Fig. 4a) is used to measure
coating thickness on small samples that can be mounted
on a holder [4].

b)
Fig. 4. Types of ball crater test devices : a) compact

calotest, b) industrial calotest [4].

Industrial calotest (Fig. 4b) has several advantages:

the motorized shaft on which the ball rotates is held by
an adjustable arm which allows great flexibility in how
the ball is positioned on the sample. For particularly
bulky samples which are too big to be mounted in the
sample holder provided, the complete arm and motor
assembly can be removed and directly clamped to the
side of the sample.

Mezmring on
the overhang

Fig. 5. Position of the bearings in eccentricity
measurements: a) Position of gathered bearings,
b) Position of widespread bearings



The schematic of new equipment for characterization
of large tools is presented in Fig. 5. In order to test the
applicability of the device for accurate coating
thickness determination the eccentricity of drive shaft
for different bearing positions was determined (see Fig.
5). Each measurement was repeated 3 times. After
these tests, thickness of TiN coating applied on
polished and grounded samples was determined, again
with test ball positioned on two different positions. Test
balls of two different sizes were used 17.15 mm and 27
mm. Optical microscopy was used for determination of
crater dimension.

3. RESULTS

The results of eccentricity measurements are
presented in Table 1.
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ball 17,15mm

gathered bearings
angle of between bearings on overhang
measurement 1 2 3 1 2 3
0 0 0 0 0 0 0
90 0 0 0,5 11 11 12
180 0,3 0,5 0,9 26 27 29
270 0,9 0 0,1 11 11 12
widespread bearings
angle of between bearings on overhang
measurement 1 2 3 1 2 3
0 0 0 0 0 0 0
90 0,5 0,6 0,6 12 13 14
180 0,1 0,7 0,5 25 24 26
270 0,2 0 0 11 9 10

Table 1. Shows the oscillation of the shaft during the
measurement influencing the imprint form

Crater dimensions needed for calculation of coating
thickness are determined by using the software
"ScopePhoto". The method used is shown in Fig. 6.

Fig. 6. Exale of determin

Mean values of the coating thickness of polished and
grounded samples measured with ball of two different
diameters at two different ball and bearing positions are
presented in Fig. 7.

polished sample

Mradirenilezaji M skupljeni lezaji

b) Polished sample
Fig. 7. Mean value of coating thickness

Fig. 8. Image of the crater formed when measuring on
the overhang

Fig. 8. shows elliptical print obtained on the overhang.
The wear of the coating takes place at an angle when it
is conducted on the overhang do too oscillation of the
shaft. The angle is measured by line being horizontal,
i.e. parallel to the base, and the other line parallel with
the trace of wear.

The influence of the angle of wear on dispersions of
coating thickness measured on the left and right sides
of the imprint can be described by equation 7.

S _(1 cosox
r=0-

)'SL ()

Where:
S| - medium-measured value of coating thickness on
the left mark
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Sk - computed value of the coating thickness on the
right track
o - angle tear lines in the horizontal relation

Fig. 9. shows how the measurement direction
influences the value of coating thickness which is
obtained by the use of equation 7.
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000 Imprint 3 Imprint 4
Imprint 1 Imprint 2 merint 3 - mprint £ -
overhang overhang
H measured 0.58 0.55 0.66 0.63
M calculated 0.57 0.59 0.70 0.69
a) Grounded sample
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A o060
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000 Imprint 3 Imprint 4
. . mprint 3 - mprint 4 -
Imprint 1 Imprint 2 overhang overhang
H measured 0.76 0.75 0.84 0.70
M calculated 0.73 0.76 0.79 0.67

b) Polirani uzorak

Fig. 11. Relation of coating thickness values on the
right side obtain by measurement and calculation

4. CONCLUSION

The aim of the work was to show the functionality
and accuracy of calotest device constructed by the
Center for Surface Engineering and Nanotechnology.
Form of wear traces is significantly different if the ball
is in the middle (usually a circular footprint), compared
to the elliptical shape of the traces if the overhang is
used.

By carefully measuring the geometry of the image and
averaging the results can be obtained acceptable results
in deviations higher than the mean thickness of the
coating and the circular and elliptical traces of wear.
This means that the device can be used successfully to
measure in the middle or on the overhang for coatings
with a thickness of one micron or more.

On the basis of previous results, and on the basis of the
data we can say that the device constructed in the
Center for Surface Engineering and Nanotechnology is
suitable for measuring the thickness of coatings on both
small and large tools.
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THE EFFECTS OF CUTTING PARAMETERS AND TOOL WEAR ON THE
ROUGHNESS OF MACHINED SURFACE

Abstract: This paper presents the results of milling experiments performed by the machining center Lola HMC 500.
Milling of carburized steel was done by F40M-Seco face mill tool under different machining spindle speeds and
cutting speed. Experiment was conducted with new and worn out tools (with blunted edges) coated with same type of
TiN coating. After the milling, morphology of machined surfaces was examined by SEM and the parameters of the
surface roughness were determined by perthometer. Obtained results clearly demonstrate the correlation between
the machined surface roughness and the blunting of the cutting tool. Such correlation allows quick decision on tool
replacement or chanching milling parameters by monitoring surface roughness.

Key words: Tool wear, face mill, TiN coating.

1. INTRODUCTION

Trends in the metal industry influence development
of cutting tools. Given that mechanical engineers are
constantly looking for new materials that are lighter,
and at the same time have better mechanical properties,
cutting tool designers need to develop tools that can
process the new materials with the highest possible
level of productivity. Tool geometry [1] and protective
coatings [2] [3] give tools longer life time. As it is very
difficult to achieve a better surface finish with cutting
processes, the connection between micro (preparation
of cutting edges) [1] and macro (tool rake surface
topography) cutting tool geometry is becoming
increasingly important. Because of the need for
maximum tool utilization, the determination of
appropriate time for tool replacement because of tool
wear becomes a big problem. [4] This study was
therefore conducted by using a completely new tool
and a blunt tool, comparing the surface roughness of
the processed workpieces.

2. EXPERIMENTAL DETAILS

Experimental testing is based on the sample
processed by a blunt and sharp tool, using different
processing parameters in order to gain insight into the
difference in the quality of machined surface due to
wear of tools. Therefore, the aim of this experimental
research is the understanding the impact of tool wear
on the surface quality of the workpiece and the
importance of timely replacement of damaged tools.
For this purpose the preparation of samples of low
carbon steel were conducted on a horizontal machining
center LOLA 500 [5] in HMC Company LLC Indjija
techniques. For processing the samples were used two,
exactly the same cutting tools (MMO8 face mills F40M
RO5 with TiN protective coatings, manufacturer Seco
Tools) with the exception that one of the tools was out
of use due to reaching the critical level of wear and
failure to achieve desired surface finish, while the other
tool was new. In the course of the experiment cutting

parameters (spindle speed, velocity and feed) were
varied, using both tools on the same sample. Samples
were processed with a blunt and sharp tool with
identical parameters. After processing, the roughness of
the samples was examined by a perthometer after
which the comparisons of mean and maximum height
roughness of the samples were defined. Besides
roughens tests, samples were subjected to a stereo
microscope and SEM to capture the morphology of
treated areas and tools cutting edge (new and worn).

2.1 Workpice

The tested specimens were made of low carbon
steel C.1221, which belongs to the group of hardening
steels. The chemical composition of the material of the
samples is given in Table 1. Sample dimensions were
@24 mm x 5 mm and surface preparation was done by
grinding.

C Si Mn P S

0,12+0,8 | <0,40 |0,30+0,60| <0,035 | <0,035

Tab. 1. The chemical composition of the material % [6]

2.2 Cutting tool

For the purpose of this experimental study eight
millimeters face mills were used, with three cutting
edges and protective coating TiN MMO08 F40M RO5,
manufacturer Seco Tools (Fig. 1a). The surface of this
tool is coated with a PVD TiN layer (Fig. 1b) for fine
processing and medium rough milling. Tools with this
coating are designed for milling with small steps and /
or low cutting speeds. It is excellent for milling in
conditions where there is danger of vibration in terms
of application of the coolant and lubricant. It is
recommended for treatment of super alloys.

Ti(C,N)+(Ti, ADN+TiN

(a) (b)
Fig. 1. Face mill MMO08 F40M RO05 [7]
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2.3 Cooling lubricant chemicals (CLC)

CLC used for this investigation is the experimental
synthetic liquid BIOSINT 050, FAM manufacturers.
BIOSINT 050 is a synthetic biodegradable concentrate
for forming a water solution that provides high-quality
cooling, lubrication and corrosion protection. High
quality surface processing and workable hardened steel,
cast iron, non-ferrous metals. It is used for the
operation of turning, milling, drilling, reaming and
grinding the typical processing conditions, high
resistance and high temperature. Performance of
cutting fluids is given in Table 2. This concentrate is
used for tests mixed with water at a concentration of
3% [8].

Viscosity on 40°C | Density on 20°C| pH-value
[mm?%s] [g/mI] (5% in wather)
4,0 1,040 8,0

Table 2. Cutting fluids properties [8]

2.4 Processing parameters

Processing of samples was performed using two
cutting speeds and two spindle speed (n): 2000 and
4000 rpm. There was performed a variation of feed (f):
500, 1000 and 2000 mm/min, in combination with the
erlier mentioned spindle speeds. Depending on the
combination of spindle speed and feed, there were
recorded following values of feed (f): 0.125, 0.25, 0.5
and 1 rpm. Cutting depth of 0.3 mm was maintained
constant during the test.

3. RESULTS

Tool wear mechanisms occur during the
experimental tests are summarized and discussed in this
section. Also, we made a comparison of the surface
roughness of the samples processed by sharp and blunt
tools with identical cutting parameters.

3.1 Processing parameters

In Fig. 2. is given an overview of the state of
cutting edges of worn tools. It is evident that some of
the cutting edges wear different during application. The
conclusion is reached by analyzing these images, that
each edge doesn’t wear the same intensity (top cutting
edges 1 significantly less damage compared to the
cutting edge 2 and 3, while the dorsal area of cutting
edge 3 is significantly less damaged compared with the
dorsal surfaces of cutting edges 1 and 2). Therefore,
when one of the cutting edges reaches a critical level of
wear, the tool must be replaced regardless of the degree
wear of other cutting edges.
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Fig. 2. Overview of the state of cutting edeges of
blunted tool

The worst damage suffered the second cutting edge. A
more detailed insight into wear of the cutting edge of
this peak is shown in Fig. 3. The dominant type of wear
of the cutting edge is a great damage to the top of the
cutting wedge (Fig. 3a). BSE footage of this part of the
cutting edge (Fig. 3b) shows the width of the zone on
the cutting edge where there has been a removal of
protective coating. After removal of the coating, tool
wear continued to be carried out by the wear
mechanisms of uncoated tools. Therefore, because of
the severe processing regime, the process of wear
became more and more intense. In this way one can
explain the severe damage to the top of the cutting
edge.

X188 188nm

(b)
Fig. 3. SEM image. Viwe of cuttin edge 2 wear

3.2 Wear mechanisms of new cutting tool

In order to gain insight into the influence of tool
wear on the surface quality of the workpiece, a new
tool was used for the processing of samples.
Figure 4 provides an overview of the state of the new
tools cutting edges. In the picture you can see that the
cutting edges of the tool suffered far less damage than
the blunt tool. Also, it is possible to note that even with
a new tool; different cutting edges do not wear the
same intensity.



Fig. 4. Overview of the state of cutting edeges of new
tool

The analysis of images obtained by SEM by
observating tool cutting edge surfaces have identified
two important defects present on cutting edges 2 and 3
On the cutting edge 2 there was a localized rupture of
the coating, while on the rake surface of cutting edge 3
occurred a removal of the protective coating.

The following image shows details of two cutting
edges, where there has been considerable damage to the
coating. Fig. 5a shows great damage to the cutting
edge, and paste formed on the dorsal surface right by
the damage. From the picture it can be concluded that
the paste was formed by the parts of the broken cutting
edge. BSE recording of this zone (Fig. 5b) confirmed
the hypothesis and the picture clearly shows that the
material from which the paste is formed corresponds to
the base metal of the tool. Broken off parts of the
cutting edge, immediately after the rupture, welded to
the rear surface and thus form a paste. Such damage
could result in a stroke that occurred during processing.

@ (b)
Fig. 5. SEM image. Viwe of damaged cuttin edge 2

Detail of damage to the rake area of cutting edge 3 is
shown in the following figure. This damage could be a
place where there has been a removal of protective
coating. The size of this damage was measured in Fig.
6a, where it is clear that its length is about 280 pum and
width of 80 pum. BSE footage of damage, as shown in
Fig. 6b, shows that at this point, there has really been
removal of the coating. Given that this is a new tool, it
can be concluded that the adhesion of coating on this
part of the rake area was not satisfactory.

X488 Sorm

(a) (b)
Fig. 6. SEM image. Viwe of damaged cuttin edge 3

3.3 Surface quality

Tools, in which the degree of wear was analyzed in
the previous section, is based on analyzing samples of
low carbon steel. During the experiment, the surfaces
where treated with different processing parameters
(Table 3). After processing, surfaces were measured
using a surface roughness pertometer and surface
quality was evaluated by comparing the maximum and
average surface roughness.
The following table shows the processing parameters
on the surface of some samples, as well as the values of
average (Ra) and maximum roughness (Rmax).

Tool Sample Side n [rpm] f[mm/min] | Ra [pm] | Rmax [pm]
1 Left 2000 1000 2,394 12,20
Right 4000 2000 2,486 22,10
Left 4000 1000 3,587 22,30
Blunt 2 .
Right 2000 2000 2,824 19,20
3 Left 2000 500 2,732 17,40
Right 4000 500 3,166 32,70
a Left 4000 500 0,771 5,91
Right 2000 500 0,720 4,85
New Left 2000 1000 0,811 5,05
5 Right 4000 1000 0,970 6,84
6 Right 4000 2000 0,963 5,81

Table 3. Processing parameters of the surface and
values of R, and Ry

The analysis of data presented in the above table
clearly shows that the surface roughness of the samples
processed by the blunt tool is significantly higher than
the surface roughness treated with the new tool. It is
evident that with increasing of spindle speed, with an
unchanged feed, you get a poorer surface quality. Also,
the maximum roughness was achieved by processing
the samples with 4000 rpm.

Fig. 6. shows the dependence of the average roughness
and spindle feed at a constant speed. The treatment of
the sample with a blunt tool at 2000 mm/min, there is a
notable decrease of average height with increase of
spindle speed, while for all other values the average
roughness increases with increasing of spindle speed
(for new tool slightly).
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Fig. 6. Dependence of R, to n at a constant f

Dependence of maximum roughness to spindle speed,
with a constant feed, is shown in Fig. 7. During the
processing with the new tool, and the feed of 2000
mm/min there where significantly smaller increases in
maximum roughness with increasing of spindle speed
with respect to feed in relation to the maximum surface
roughness obtained with 500 and 1000 mm/min with a
blunt tool.

35.00

—_ / 32.70
£ 3000 /
E3
g 2500 530 2210
z : n —e—Blunt, 500 [um]
2 2000
£ ﬂ?.zM 22.30 —m—Blunt, 1000 [um]
% 15.00
I3 . Blunt, 2000 [pm
: 220 654 um]

10.00 ——
E 5.05 New, 500 [um]
5 500 — 3 —+—New, 1000 [pm]
2 4.85 5.91

0.00

2000 4000 n [rpm]

Fig. 7. Dependence of R, to n at a constant f

The following figure shows the surfaces with the
highest surface roughness, sample 2 on teh left and
sample 3 on the right

(a) (b)
Fig. 8. Display of surfaces with the highest roughnes

4. CONCLUSION

In practices the method for evaluation of surface
quality is a suitable criterion for evaluation of tool
wear. Therefore, an experiment was made with a brand
new and a blunt tool, under various processing modes.
The results clearly showed that the worn tool surface
quality differs significantly in terms of changes in R,
and Ryax.

It is noted that the change in the parameter values also
affect the surface quality, as well as application of the
new and blunt tool. Increasing of spindle speed leads to
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the increase in the surface roughness. This phenomenon
is more pronounced for worn tools than new unused
tools.

One of the important conclusions which occurred as
part of this experiment, is the fact that cutting edges of
cutting tools do not wear the same manner and with the
same intensity in the processing of workpieces.
Therefore, the timely replacement of worn tools
depends solely on the degree of wear for the most
damaged cutting.
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INVESTIGATION OF GAUSSIAN AND 2RC FILTRATION IN SURFACE
ROUGHNESS MEASUREMENT FROM THE STANDPOINT OF AMBIGUITIES IN
STANDARDS. PART I-THEORETICAL ANALYSIS

Abstract: This investigation provides an elaboration of the significance that the software filtering process has in
determining roughness profile from primary profiles. The analysis explored the Gaussian and 2RC filters as the
most frequently used filters in practical measurements. Shortcomings and disadvantages of Gaussian filter were
examined, along with the possible effects on the determination of roughness profile. En emphasis is placed on the
phase distortion of mean line obtained by using 2RC filter and its possible effects on the determination of the
roughness profile. Certain ambiguities and differences in terms of the filtering that stem from the International ISO

standards and ASME B46.1-2002 standard are illustrated.

Key words: Software filtration, Profile filter, Gaussian filter, 2RC filter

1. INTRODUCTION
(GENERAL INFORMATION AND DILEMMAS)

A typical engineering surface consists of a range of
spatial frequencies. High frequencies or short
wavelength components are referred to as roughness,
medium frequencies as waviness and low frequency
components as form [1]. Review of geometric structure
of the surface as a deviation from form, waviness and
roughness is widely accepted and standardized
[2,3,4,5,6,7]. Such separation is illustrated in Fig. 1 [2].
The idea for such separation of surfaces originates from
the fact that roughness, waviness and form have
various effects on the functionality of parts from
several standpoints and hence such classification is
considered as an important segment of surface texture
analysis, according to [8].

A separation of this type may have offered more
accurate and wider description of the effects of
roughness, waviness and form upon some tribological
processes that occur during the exploitation of parts, on
one hand, but on the other hand, a rather significant
dilemma has emerged: where is the actual boundary
that divides roughness, waviness and form?

Normal

/ surface

Normal section

/WW\_/»\M\;\/ P

Flaw
(unspecified) 3\

% LD 2P Total profi
A prf AL (includes error in
NIV geometric form)
| Waviness profile
attenuated)
Y \vadv 2w Rough profile

Fig. 1. Schematic diagram of surface characteristics [2]

What to compare the measured roughness profile to,
when surface texture (which exists only physically)

B (waviness heights attenuated)

consists of roughness, waviness and form.

This dilemma may be the fundamental drive of
researchers engaged in surface metrology. The
separation of roughness, waviness and form from
measured profile can be made through a filtration
process. Two filtration methods have prevailed in the
measurement technique development, known as E
filtration system and M filtration system [8,9]. E
filtration system uses the envelope method (rolling a
ball with certain diameter against surface) and is a
mechanical filtration system characteristic of the oldest
measuring instruments. The E system is once again
finding new relevance, particularly with the
introduction of morphologial filtering in the
international Standards ISO/TS 16610-40:2006 [10]
and ISO/TS 16610-41:2006 [11]. Morphologial
filtering is essentially a superset of the E system and
offers more tools and capabilities [9]. M filtration
system involves use of a profile filter. Due to the fact
that new instruments can simultancously measure
roughness, waviness and form, the mere term software
filtration is nowadays equalized with the M filtration
system.The outcomes deriving from the use of profile
filters and the procedure for obtaining roughness and
waviness profiles is standardized in ISO 4287:1997 [6].
The subjected International standard establishes
definition of three profile filters A, A and A,. A
profile filter removes components with very short wave
length (noise, stylus deformation and similar) of total
profile. A_profile filter separates roughness profile

S

from primary profile, while A, profile filter separates

waviness from form. The filtration process which
involves the use of A,, A and A, profile filters for

contact (stylus) measuring systems is presented in Fig.
2. Also, the literature comes across to profile filters
broken down into low-pass with cut-off A, and high-

pass with cut-off A, [9]. It is highly significant to
underline that the American national standard ASME
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B46.1-2002 [2], does not encompass the A, profile filter

i.e. it is considered that the length used to determine the
roughness profile is too small to additionally determine
the form (form deviation) of the surface. Thus, it can be
concluded that waviness profile determined pursuant to
the international ISO standards can differ from the one
determined pursuant to the ASME B46.1-2002
standard. According to ISO 3274:1996 [12], A, the

profile filter is incorporated in the construction of any
stylus instruments, and in most cases the activation for
the simpler contact measuring instruments with display
is run automatically (regardless of the operator’s will).
In the same time with the advent and development
of profilometers, an increasing number of experiments
were made for replacing the analogue continuous signal
with digital signal. The latter is used to present the
roughness profile. Simultaneously, probable solutions
for replacing E filtration system were also sought. As a
result, the analogue (hardware) 2RC filter was
developed, constituting an electrical link of two
condensers and two resistors. It was used exclusively to
distinguish the roughness profile from the measured
profile as an analogue signal in real time. Later,
Whitehouse and Reason [1,9] performed simulation
and replacement of hardware 2RC filter with a software
solution. A weighting function was introduced for this
purpose, described through a mathematical equation
which brought in a term called cut-off (A ). The value
of cut-off is currently standardized in ISO 3274:1996
[12] and selected depending on the stylus radius size
(for contact measuring systems) and max sampling
spacing. Due to the lack of further scientific
clarifications, we can say that the recommendations
regarding the selection of a cut-off wavelength of the
profile filter contained in [12] are the agreed values.
The cut-off wavelength of the profile filter is equal to
the value of the roughness sampling length. Therefore,
the dependencies referred to [12] are directly associated

z
; Xoaxis | ;46
}\, —profile filter

Total profile

with the recommendations contained in ISO 4288:1996
[13]. In [13], the roughness sampling length is
associated with the roughness evaluation length, the
surface type (periodic or non-periodic) and the values
of Ra, Rz and Rg,, for the relevant surface. In addition,
there is an overriding need of more thorough researches
on the mode of expressing (quantitative) of periodic or
non-periodic level of surface, regardless of the
parameters used for describing roughness profile.

2. METROLOGY CHARACTERISTICS OF 2RC
AND GAUSSIAN FILTERS

2.1 2RC filter

The analogue 2RC (two-resistor-capacitor) filter is
the earliest filter used in surface metrology for filtering
in compliance with the M system. The digital version
of 2RC profile filter has standardized the metrological
characteristics contained in ASME B46.1 -2002 [2].
The 2RC profile filter is not presently included in the
International ISO standards. The weighting function of
2RC filter is given by [2]:

S(x)= L{Z ALJJexp{ ||J (1)

where A=3,64 for 75 % transmission of A , X is the

position in millimeters from the origin of the weighting
function (-0 <x<0), and A, is long wavelength
roughness cut-off. The transfer function is given with

[2]:
/I -2
[1 —ik ZJ 2)

where i=+-1 and k=1/4/3=0577. 2RC filter
performs 75 % amplitude reduction of sinusoid signal
that has a wave length equal to the cut-off, which could
be obtained by replacing A =4, in equation (2).
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Fig. 2. Filtration process using A, A, and A, profile filters [7].
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According to [2], the transfer function of 2RC filter
given by the equation (2) has lower and upper limit.

The mean line is obtained by convolving the
primary profile with the weighting function given in the
equation (1). In determining the mean line, the
weighting  function is  generated in  the
interval 24, <x <0, since the filter (its weighting

function) is asymmetrical in respect of the origin [1,9].
The mean line determined by using 2RC filter does not
represent the waviness profile, considering that this is
an unsymmetrical filter [1,9]. Roughness profile can be
obtained by subtracting the filter mean line from the
primary profile. The major disadvantage of the 2RC
filter is its non-linear phase which results in a phase
distortion of the mean line in respect of the primary
profile, Fig. 3.a. This phase distortion later results into
occurrence of deviation and artificial feature of
roughness profile, as portrayed in Fig. 3.b. The phase
distortion becomes more expressed as the cut-off
increases.

Other features that may be seen as disadvantages of
the 2RC filter can be the distortion of the mean line on
primary profile ends and its sensitivity to deep valleys
of the primary profile, which results into pulling down
of the filter mean line from the mid part of the profile
towards the valley. The distortion of filter mean line on
primary profile ends is particularly enunciated in
primary profiles comprised of accentuated waviness
and deviation of form. To reduce this drawback, the
beginning of the primary profile is shortened in length
for 2, [1,8,9]. Due to the subjected shortening of the

primary profile length, the 2RC filter cannot be used
for measurement of very short profiles.

Another noticeable drawback regarding the 2RC
filter with metrological characteristics which is used to
obtain the mean line is that it cannot be used for
obtaining waviness profile.

0.5 T ~ : . [ Primary proﬁli'

a) um {
05/

|
|
| |
§] Phase
.|_distortion
2 3
L mm

o 1 2 s 4 5 6
Fig. 3. (a) Primary profile and 2RC mean line (non-
waviness profile); (b) roughness profile [1].

2.2. Gaussian filter

The metrological characteristics of the phase correct
Gaussian filter for open profiles are standardized in
ISO 16610-21:2011 [14] and ASME B46.1-2002 [2].
The weighting function of an open profile filter has the
equation of the Gaussian function with the cut-off
wavelength A, where ¢ is cut-off. The equation is

given by [14,15]:

2
1 X
S(x)—a—NeXp —T{K] 3)

c c

where oo =v/In2/m=0.4697 , x is the distance from the
centre (maximum) of the weighting function, and A, is

the cut-off wavelength. The transmission characteristic
of the long wave component (mean line) is given by [2,

14,15]:
4 2\
_A(l) = exp{— n(a—}\‘” j } 4)

where A, is the amplitude of a sinusoidal wave profile
before filtering, A, is the amplitude of this sinusoidal
profile in the mean line, and A is the wavelength of this
sinusoidal profile.

It can be seen in equation (4) that the amplitude
attenuation of a sinusoid profile is 0.5, when the
wavelength is equal to the cut-off (A =2_), which

leads to the conclusion that the transmission
characteristic of Gaussian filter is 50 %. The
transmission characteristics of Gaussian filter for value
of A, 0f 0.08; 0.25; 0.8; 2.5 and 8 mm are presented in
[2].

Gaussian filters can be low-pass or high-pass. The
formulas given in equations (3) and (4) refer to the low-
pass Gaussian filter [1,9].

Roughness profile of primary profile is obtained as
a difference between the primary profile and the mean
line determined by a Gaussian filter. According to
ASME B46.1 -2002, the mean line determined by a
Gaussian low-pass filter represents the waviness
profile.

An important property of Gaussian filter is its linear
phase, which is a major advantage over 2RC filter.

According to [1,8,9], the Gaussian filter is marked
with certain disadvantages. Namely, the mean line
determined by Gaussian filter has distortion on the
profile ends (end effects) as a result of the openness of
the primary profile, Fig. 4. This is not the case when
the subjected is applied on closed profiles.

The ISO/TS 16610-28:2010 [16] listed five ways
(zero padding, linear extrapolation, line symmetrical
reflection, point symmetrical reflection and moment
retention criterion) to overcome the distortion at the
edges (end effects) of mean line when it is determined
by Gaussian filter.

Generally, in the case of zero padding, the
distortion of the mean line will always be directed
towards the zero-point of the z axis. The distortions
will be larger if primary profile ends are more remote
from the zero-point of the z axis.

This is the main reason behind the shortening of the
roughness profile in respect of the primary profile for
one half of A_ on both profile ends. In order to reduce

this negative effect in measuring spherical or
cylindrical surfaces, it is recommended to remove the
form from the profile in the first place and then to
apply the Gaussian filter. As a consequence to the
discarding parts of the primary profile in amount of one
A  the standardized Gaussian filter is not applicable for

Cc
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measurement of very short profiles, which can be
considered as its second disadvantage.

pm

Fig. 4. End effects using standardized Gaussian filter [17] .

Third disadvantage is deemed to be its sensitivity to
deep valleys on the primary profile, which results in the
mean line being pulled down from the mid part of the
profile towards the valley, and later in distortion of the
roughness profile near the valley, Fig. 5.

mm

-0.002 - -
-0.0025 . Gaussian mean line
-0.003 Mean line is pulled _

down near valley

0 05 1 15 2 25 3 35 4

Fig. 5. Pulling down of the mean line from the mid
portion of the primary profile towards the valley

To the end of overcoming this disadvantage, ISO
13565-1:1996 [18] foresees special filtration mode of
primary profiles with deep valleys, through the use of
phase correct filter.

It is significant to mention that the standard ISO
13565-1:1996 [18] provides considerable flexibility in
terms of the application of this filtration mode. The
only condition for application of this filtration mode is
the presence of deep valleys in the primary profile,
without precise definition of the number of valleys of
certain measuring length or the value that the valleys
should have in order to be applicable for this process.

3. CONCLUSION

The disadvantages and limitations of the Gaussian
and 2RC filters i.e. their side effects on the roughness
profile depend mostly on the primary profile form to
which these will be applied.
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CLUSTERS AND NETWORK VALUE SYSTEM

Abstract: During the last decade, the cluster concept has become central idea of competitiveness and economic
development. Industrial clusters have been considered as one of the most important channels towards open
innovation and economic excellence. The network value system must be integrated in the core business of the
industry cluster. Both of them focus on improving the competitive advantage over their competitors. Importance of
clusters and network value creation was discussed in this paper. Basic characteristics of clusters were given,
together with ways how knowledge and innovation can be created in cluster networks.

Key words: clusters, network value, knowledge creation

1. INTRODUCTION

During the last decade, the cluster concept has
become central idea of competitiveness and economic
development. Thanks to the literature and case studies,
the reasons for cluster productivity and innovation are
better known. Not only that, but encouraging
cooperation between companies in clusters is now
accepted as an effective instrument for strengthening
the company, enabling it to produce goods and services
of higher level that will create wealth in domestic and
international markets.

Nowadays industrial clusters have been considered
as one of the most important channels towards open
innovation and economic excellence. There are signs
that suggest industrial clusters might improve economic
conditions of a region by means of gathering firms
together and facilitating business transactions. Also,
industrial clusters are often linked with innovation, in
developed countries like France, Germany and the
USA, where many clusters are about high technology
such as information and communication technology
(ICT), biotechnology and nanotechnology, or, about the
booming knowledge intensive business services
(KIBS), such as software systems, business consulting
and R&D services. In these particular sector-based
clusters, innovation is inherent. Still another
importance of the industrial cluster comes from its role
of employment in a region. Thus, policy makers have
been aware of this phenomenon and are now trying to
find out more evidences and formulating corresponding
policies and institutions to accommodate the
development of clusters [1].

Clusters, which form networks of firms and other
institutions, are receiving growing attention in the
literature on management [2-7]. Companies are
constantly asked to improve performances in order to
get the chance to maintain or to improve their own
market positions and financial situation.

A network value system is the full range of
activities and participants necessary to bring a product
or service from the point of being an idea through to
delivery to the final consumer while a company can be

found at any of the various steps within the value chain.
Various actors can be “clustered”, at any step of the
value chain, for training, collective production,
bargaining and/or selling to the next step of the value
chain. In either case, myriad actors are involved in and
influence the development of the value chain or cluster.

The network value system must be integrated in the
core business of the industry cluster. Both of them
focus on improving the competitive advantage over
their competitors. The cluster support the network
value system by integrating academic institutes,
government agencies, association and supporting
industry in order to create the innovation and enhance
the knowledge in the value chain.

Knowledge that develops in a network circulates
more easily within it. Studies of networks in clusters
often consider different types of relations between
firms (commercial, directive, subcontracting,...) and
assume that these links imply a transference of
knowledge, even though the informational content of
the links that firms establish within the cluster have not
been analyzed. Thus, Bell [2] distinguishes between
managerial networks (characterized by the transmission
of tacit knowledge) and institutional networks
(characterized by the transference of explicit
knowledge).

Research about the innovation of a cluster, or of a
firm which is geographically embedded into a network,
has received much attention recently. When discussing
this phenomenon, much emphasis has been placed on
environmental issues, such as the infrastructure, the
management system, the cultural and social context and
so on. One important research theme is about the
connotation of the cluster innovation. For those clusters
which emphasize on innovation, a major function is to
enhance the knowledge creation, storage, flow and
application within the clusters [1].

Cluster theory, in effect, builds on the advantages of
inter-firm cooperation propounded by value chain
theorists. The network value system management
integrates processes and builds long-term relationships
among firms involved in the flow of products and
services from the source through to end-users. All firms
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in the network value system can benefit through
achieving lower costs, improved customer value and
satisfaction, and greater competitive advantage. When
members of a network value system all operate in the
same general geographic location, they gain the cost
efficiencies of supply chain coordination, as well as the
boost in competitive drive and innovation that comes
from working together in close physical proximity.

A value network is a complex set of social and
technical resources. Value networks work together via
relationships to create social goods (public goods) or
economic value. This value takes the form of
knowledge and other intangibles and/or financial value.
Value networks exhibit interdependence. They account
for the overall worth of products and services.
Companies have both internal and external value
networks. In a network value system, each participating
company operating as an individual enterprise tries to
maximize its own corporate goals, thus sub-optimizing
the overall performance. An extended enterprise is a
part of network, which essentially behave as a single
enterprise trying to maximize the corporate goals of the
extended enterprise, thus optimizing the performance
of each individual enterprise.

Network value system defines the specific roles in
an activity and their value creating interactions. Value
interactions or deliverables are of two types. Tangible
deliverables are the contractual or mandated
interactions between participants. Intangible
deliverables are the informal, more personal, exchanges
of knowledge, favors, and benefits. These are the
interactions that help keep things running smoothly and
build relationships. Intangible exchanges are actually
the practices ignore these important intangible
exchanges, bat they are made visible with network
value system.

2. CREATING KNOWLEDGE IN CLUSTER
NETVORKS

The ideas of collective invention are convenient for
describing the dynamics of knowledge diffusion
through networks and clusters. Collective invention is
characterized by high invention rates and fast
knowledge accumulation created by disclosure of
information between competing agents. It is driven by
exchange and circulation of knowledge and information
within  networks formed by groups of socially
connected individuals [8]. When this is the case, the
structure of the network over which the transmission of
information takes place may be vitally important to the
performance of the industry [9].

Networks that interconnect diverse actors
promote both knowledge creation and dissemination
[10]. Knowledge is created and disseminated within
networks consisting of actors and relationships among
them. Networks facilitate learning via the transfer of
knowledge from one firm to another as a conduit for
knowledge transfer. Networks also facilitate mutual
learning and become the locus of collective invention
[11]. The ability to learn about new opportunities
requires participation in networks, thus a wide range of
interorganizational linkages is critical to knowledge

150

diffusion, learning, and technology development [12-
14]. Relationships and networks are an important and
strategic resource for firms [15]. Firms in a cooperative
network can utilize their networks in a variety of ways
in addition to the above merits. They not only share the
costs and risks of their activities but also obtain access
to new markets and technologies and make use of
complementary skills [12, 16-18]. The network among
actors is the key to understanding the performance of
regional clusters [19].

According to Eisingerich et al. [20], a social
network helps to develop regional cluster performance.
High performing clusters are underpinned by network
strength and network openness, but the effects on the
performance of a cluster as a whole are moderated by
environmental uncertainty. Specifically, the positive
effects of network openness on cluster performance
tend to increase as environmental uncertainty increases,
whereas the positive effects of network strength on
cluster performance tend to decrease as environmental
uncertainty increases. The net- works are instruments
that might help firms to voluntarily expand their own
competence by means of complementary partners
beyond the limitations of their own organisation and of
the localities where they are settled. In this context, the
process of ‘learning’ offers a dynamic perspective on
the nature of both networking and clustering [20].

Clusters and networks remain fuzzy concepts when
we consider their own interrelated relationships and
their relationships with the factors and variables of the
whole economy, such as institutional arrangements,
trading efficiency, level of specialization and
agglomeration, as well as their dynamic evolution. The
current published literature has addressed many
important aspects of clusters and networks, yet there is
still a lack of robust frameworks to combine and
explore these aspects together within one competitive
market.

Clusters have the possibility to develop their own
specific mixture of competitive advantages which is
created on the basis of locally-developed knowledge as
a result of mutual relations, cultural heritage and local
characteristics. This is evident in the focus on clusters
as an important concept in understanding growth and in
thinking about development policy [21].

The idea of localized economies of scale in
geographic agglomerations has a long history in
economics, going back to Adam Smith’s early
observations of labour specialization and to
explanations of why companies continue to localize in
the same areas [22]. Clusters arise in the presence of
Marshallian externalities, which signify that companies
benefit from the production and innovation activities of
neighboring companies in the same and related
industries. There is abundant evidence that such
externalities exist and lead to industry-level
agglomeration [22].

Development of clusters is an effective way to
improve quality of the product and the process and
bring it to a higher level. Modern business is based on
the fast response, quality, flexibility, innovation,
connections and building the critical mass of capital
and production / service potential. This relatively new



style of doing business requires — network value
approach based on cluster concept. Clusters represent
the complex organizational systems that are flexible
and can be quickly adjusted to oscillatory changes at
the sale and purchase markets, generate employment,
help the diversification of economic activities and
make a significant contribution to exports and trade.
Clusters also play an important role in innovation and
businesses where there is a need for application of
modern technology. Thanks to their innovative
flexibility, many of them become more productive and
efficient than some large international corporations. In
this process, emphasis should be focused on creating a
friendly  business  environment  where  the
transformation of society towards a market economy
shall take its place.

Cluster differs from other forms of associations
within its geographical boundaries, involvement and
utilization of funds, ways of exchange of products and
partially finished products, information management -
knowledge chains, and the importance of how they are
connected. Clusters can be best understood and used as
a regional systems and they represent, according to
Porter [23] “Geographic concentrations of mutually
connected companies, specialized suppliers, service
providers, companies from similar industries and
institutions  tied to them (i.e.  universities,
standardization agencies, trade unions), who compete,
but also cooperate”.

3. CHARACTERISTICS OF CLUSTERS

Figures Basic characteristics of clusters are:

e Clusters are based on systemic connections among
companies; ties can be built on common or
complementary products, production processes,
essential technologies, needs for natural resources,
demands for certain qualifications and/or
distribution channels;

o Clusters are geographically limited, defined mainly
by distance and time that people are willing to take
because of employment which job makers and
company owners consider reasonable for meeting
and creating business relationships; geographical
range is under strong influence of travel and traffic
systems, but also of cultural identity, personal
priorities, and family and social conditions;

o Clusters represent natural connection of companies,
it must be emphasized that clusters do not operate
as an imposed agglomeration, or forced association
for any reason; clusters nourish unique attributes of
companies and make it possible for them to choose
levels and types of cooperation within a cluster,
and to define what part of its capacities they will
bring into clusters, and what part will remain
"freelance”, taking into consideration common
needs, but also their own benefits as a member of
cluster association.

e Associating into a cluster can bring a broad range of
benefits to all partners as well as to the economy in
general. Some of the benefits are the following:

e Increased level of expertise; associating gives
companies better knowledge about supply chain

and makes it possible to companies to learn from
each other and to cooperate;

e Capability of companies to join complementary
strengths and contract new works of larger scope
for which, individually, they would not be able to
bid in a public tender procedure;

e Potential for large scale production (economy of
scale), which can only be realized via specialized
production in each of the companies, through joint
purchase of supplies with large discounts or
through joint marketing;

e Strengthening of social and other informal
connections, which leads towards creation of new
ideas and new companies;

e Better information flow within a cluster, e.g.
making it possible for investors to identify good
entrepreneurs, and for business people to find good
service providers;

e Enabling development of services’ infrastructure:
legal, financial and other specialized business
services.

That is why one of more important segments is to
determine levels of specialization in companies —
participants in a cluster, and what desirable levels of
specialization for more effective business are in case
we have specialization, in other words, economic
diversity. Research that has been done shows that
traditional production sectors are inclined to doing
better business when densely concentrated in one
geographical area. Contrary to this, newer, high-tech
and service sectors are more comfortable with
economic diversity environment.

General opinion is that specialization means lack of
economic diversity and vice versa. If that is the case,
then improving industrial clusters bears risk of creation
of highly specialized local economies. If local
economies are specialized in only one industrial sector
or only couple of them, then they are indeed much
more sensitive to cyclic falls in those sectors. However,
other opinion suggests that specialization and
diversification do not necessarily exclude each other.
Malizia and Feser [24] define economic diversity as
"existence of multiple specializations”. It means it is
possible for local economies to be highly specialized in
certain sectors and, at the same time, to have sound
combination of economic activities. So we come to the
concept of flexible specialization, which represents
possibility of companies to do what they do best, and
cluster has the obligation to provide optimal utilization
of capacities.

4. CONCLUSION

In summary, despite the movement to global
outsourcing, a firm should strategically assess its local
area for resources that might provide a lower total cost
alternative in better managing its supply chain. Firms
considering relocation should analyze geographic
regions that currently possess cluster characteristics or
that have emerging potential for developing clusters.
Network value system helps the organizations acquire
process competence and better process control.
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Establishment of network value system in complex
organizational systems like cluster represents a big
challenge because of diversity of clusters and
characteristics of member companies. Cluster areas can
improve both supply chain and firm performance and
allow leveraging of complementarities and external
sales. Upstream and downstream partners may exist in
these areas that can provide synergistic benefits that do
not occur as readily with distant supply chain
configurations. The integration of cluster theory and
Network value system offers firms a way to build
competitive advantage by initially focusing primarily
on local resources when selecting supply chain
partners, rather than looking only for low cost
advantage through distant outsourcing.
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BASIS OF MODEL DEVELOPMENT FOR REAL FORM
DETERMINATION OF ROUNDNESS MEASURING OBJECTS

Abstract: The set of requests, which are related to the geometry of any working part, are known as geometrical
specifications (GPS — Geometrical Product Specifications). It covers the demands of size and dimensions,
geometrical tolerance and geometrical surface properties. The aim of GPS standard is the insurance of
functionality, safety, reliability and substitutability of analyzed and controlled workpieces. It can be noticed, though,
that all GPS modules are concerned only with the satisfaction of the standards of defined geometrical properties,
whereas none of the modules deal with the determination of the real form of feature (surface) of controlled
measuring workpieces. This paper represents the basis of a developed mathematical model for the case of roundness

investigation which can satisfy this request.
Key words: roundness, GPS, real form

1. INTRODUCTION

Each measurement is connected with the
determination of numerous values of physical sizes by
the aid of which the determined validity features are
investigated. Measuring a size, means to determine its
numerous relationships with other homogeneous sizes,
by which the measuring unit is acquired. When
measuring it is necessary to provide the data about
different sizes: discrete and continual, constant and
variable, dependent and independent. Therefore,
measurement is considered as a process of physical
equalization of the given size with its physical value
which is taken for the measuring unit.

That way, the measurement result is presented as
quantity information about the basic features of
measuring objects (workpieces), attained as a result of
the physical process with a certain level of accuracy.

In this paper a geometrical characteristic, roundness
in this case, will be analyzed. Nowadays, this
geometrical characteristic is controlled strictly on the
basis of internationally appointed, accepted and applied
definition [1]. Shunmugam and Venkaiah in their
papers represent their results of comparisons of all used
methods for measuring data processes concerning
roundness. Furthermore, a review of those methods is
also provided. [2].

Roundness measurement can be carried out in
several ways using different methods. Starting from the
straightforward measurement of diameter, continuing
with a measuring in a prism (V-block method),
[31.[41.[5] and [6], then with computerized coordinate
measuring machines (CMM) to the measurements
carried out with the aid of special measuring machines
for roundness measurements (RDM) (Rotational Datum
Method) [7].

The mentioned methods are constantly developing
aiming to increase measurement accuracy [5],[7],[8].
An interesting fact should be pointed out that effort is
also invested in the improvement of conventional

methods, such as V-block method. V-block method is a
widely accepted method for roundness measurement;
however, because of its complexity of conventional
analysis results by the help of Fourier's
transformations, it is extremely difficult to develop
software for swift data processes. The solution to this
problem is mathematical, with the aid of inverse
matrices, which is described in details by Okuyama,
Goho and Mitsui [8]. Data process is therefore
developing, although the mere measurement principle
remains the same, with its disadvantages
[9],[10],[11],[12]. Those disadvantages are in the base
of the measurement process itself. With V-block
method that is in the constant shift of the rotational
centre when rotating a measuring object on the reliance
surface [3],[4].

The aim of this paper is not the analysis of the used
rules concerning roundness, but a representation of
principles for the production of models, i.e. software’s.
It will enable unambiguous determination of the real
form of the round object measuring section. The real
form, however, is not mentioned at all as relevant
information in the definition of roundness, but only the
width of its field.

In the production of the mentioned model, the lack
of V-block method will be applied — the constant shift
of the rotational centre when rotating a measuring
object on the reliance surface. In sequel, details follow.

2. ROUNDNESS
2.1 Definition of roundness tolerance
The field of roundness tolerance in the regarded

plain is restricted by two concentric circles on the
distance t. (Fig. 1)
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Fig. 1. Definition of roundness tolerance [1],[3],[4]

If the section lines are tolerated, then all section points
must lie between two concentric circles on the section
plain, on a radial distance of t. This parameter t is the
value of roundness tolerance.

2.2 Possible form of roundness deviation

Irregularities on the section of round machining
bodies, including both the axis and openings are most
often realized in: a) triangular, b) oval, ¢) multiangle, or
d) eccentric forms. These irregularities of forms depend
on a number of exterior effects, primarily on rigidity
and contact.

Thus, for example, a triangular form of irregularity
is mostly achieved with thin-walled pipes, if the contact
is done in three points. This means that with roundness
control of such a workpiece the appearance of a
triangular form can be expected in advance. This is
significant, because with classical ways of roundness
control not all types of deviance can be measured. The
most probable form of irregularity has to be assumed in
advance.

Fig. 2 provides a review of the most common

roundness errors.
A0
C f

Fig. 2. Possible versions of form irregularity of
workpieces in cross section [3],[4],[13]

a

3. BASES OF METHODS

3.1 Core centre method

The name of this method is given in this form
because this way the essence is described with the
highest level of accuracy. With classical methods for
roundness measurements it is of great importance the
prediction of expected real form of circular section. For
measuring certain circular sections of annular
measuring objects, measures for palpation of measuring
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surface in two points are required. Such are the
triangular and pentagular sections. Thus, oval and
quadrangular sections are immeasurable with necessary
accuracy. There, contact must be carried out in three
points. It is necessary to predict which roundness
deviations will appear. For that great experience and
proficiency are needed.

In technical literature, as the largest problem which
arises with these classical methods is the constant
centre shift, i.e. the imaginary axis of measurement
section.

That problem can be turned into an advantage by
the proposed way of measuring results process. It is
necessary to follow the shift of those centers and based
on their positions a reliable conclusion about the real
form of measuring section can be adopted. Thus, the
lack of a method turns into the essence of another one.

3.2 Essence of Core centre method

The most straightforward way for representing the
essence of this method is graphically. Only ovality will
be analyzed because of the lack of available space.

Deviation is of elliptical form. With classical
methods this deviation could be analyzed with
measuring in two points. Contact in three points would
lead to the unwanted shifting of contact circle centers.
As it had been mentioned before, in this case, this
disadvantage is used for determining the real form, thus
the contact should be performed exactly in three points.

Fig. 3. Circle defined through three contact points with
the centre

The contact of real, oval contour in three points is
shown in Fig. 3. Across the points of sections of real
contour and triaxial systems, an auxiliary circle can be
constructed. Its centre is easily determined.

Fig. 4. Representation of two auxiliary circles with
their centers

Afterwards, the rotating of the triaxial system for
the arbitrary angle follows and the procedure is
repeated. That way another auxiliary circle with its
centre is obtained. This move is shown in Fig. 4. The
described step is repeated n times, until the full round



of contour is reached, and that's how the result shown
in Fig. 5 is obtained.

Fig. 5. Result of full contour contact in three points

On Fig. 5 it is clearly visible that the centers of
auxiliary circles are arranged according to a certain
rule. In fact, the orbit of the section centre shift is
shown, i.e. the imagined axis of cylindrical measuring
object, when rotating during the time of measurement.
At the same time, that orbit reflects the real form of
measuring section of round measuring object. In that
way, an image is obtained by the aid of auxiliary circles
centres in the core section. That is how this method got
its name as a core centre method.

4. APPLICATION OF THE METHOD

Based on the represented, a simulation program is
produced aiming to analyze the application of methods
on various types of anomalies, shown in 2.2. In sequel
the functioning of the program will be shown briefly
followed by the simulation results.

4.1 Functioning of the POLYGON program
Simulation program, named POLYGON, is

designed so that the input parameters can be changed

based on which the following conditions can be

defined:

- the number of sides of polygon deviation of

roundness,

- radius curve rounded at the apex of polygon

- belt width of random deviations of simulated

measuring points from the primary curve and real form

and

- the number of tangential points (two or three)

The program is designed in MatLab 7 environment
and is able to simulate all possible types of anomalies.
In sequel the simulation results of ovality will be
represented and all elements in connection shown in
core centre method.

4.2 Application of POLYGON program for the case
of ovality

The drawing of an ellipsis according to the logic of
the program is actually a drawing of "diangle". Since
ellipsis can be approximated as a unitary circle
deformed with two opposite sides. Of course this way
an ellipsis cannot be obtained by definition, but this
simulation of an ellipsis will also provide a satisfactory
result. The curve of the apex has to be taken quite large
to obtain an approximate form of the ellipsis. For the
beginning it is necessary only the drawing of the

1

primary  curve  without random  deviations
("roughness").Finally, contact in three points is done.
The result is represented in Fig. 6a.

1

1
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Fig. 6. The result of ovality simulation

In the following step the drawing of the core should
be sought. Graphical method analysis has shown that in
this case the distribution of auxiliary circle centers must
be obtained, so that based on them a conclusion could
be derived about ovality of the primary curve. This
statement will be verified now. Fig. 6b shows the result
of the simulation.

If in the simulation program the same input data are
included, with the difference in size of deviation from
the primary curve, i.e. if the presence of roughness is
also included, the following results are obtained. Fig.
7a shows the primary curve without auxiliary circles
and core, whereas in Fig. 7b the auxiliary circles and
the whole core are visible.

1
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Fig. 7. Ovality simulation results with random
deviation representation from the primary curve

For better overview in Fig. 8 enlarged figures of
cores are provided.
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Fig. 8. The overview of enlarged figures of cores
without (a) and with random deviations from the
primary curve (b)

On the overviews in Fig. 8 the coordinate value
systems with abscissa and ordinates are enclosed. The
aim of their representation is to enable the comparison
of centre point’s surface dissipation of auxiliary circles
in the cores depending on the size of the field of
random deviations from the primary curve.
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5. CONCLUSIONS

Based on the results the followings can be
concluded:

> For oval deviations from roundness, with three
points contact, such a core centre of auxiliary
circles is obtained that prediction based on
graphical processing is satisfied. The core of the
centers assumes a form which clearly reflects the
character of deviation from roundness.

» The previous statement is completely valid for the
case of analysis of primary curve without random
deviations; however, it could also be said for the
case with deviations from the primary curve.

» It is of great importance to notice that in the two
cases mentioned very similar almost equal surfaces
of points dissipation in the core are obtained.
Naturally,in ideal case those points are ideally
positioned across the elliptical frame ,whereas they
are dissipated near that frame for the case of real
surface simulation.

Previous statements indicate
predictions.

Finally, the primary hypothesis is proved that for
this method, the oval deviation analysis from
roundness, contact in three points must be
used,contrary to classical method measurements,where
the controlled objects are measured in two points. This
method,however,does not measure the values of cross
section of controlled objects(workpieces) ,but uses the
errors of those methods and follows the orbit of axis
shift of the controlled object(workpiece) in progress of
rotation during the time of measurement.

the validity of
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INNOVATIONS IN TOUCH-TRIGGER PROBE SENSOR TECHNOLOGY

Abstract: Since the invention of the touch-trigger probe in the 1970s, these devices have formed the main means of
sensing for dimensional measurement on co-ordinate measuring machines (CMMs) and machine tools. Scanning
sensors are increasingly being used on CMMs to measure complex shapes and to characterise the form of prismatic
components. However, touch-trigger sensors still have a major role to play in the inspection of component size and
position on CMMs, and in workpiece setup and in-process control on machine tools.
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1. KINEMATIC RESISTIVE PROBES

The fundamental requirements for a touch-trigger
probe are:
» compliance so that the stylus deflects when it meets
the surface of the component, applies a low force to the
component and allows time for the machine to
decelerate before backing off the surface
» mechanical repeatability so that the stylus always
returns to the same location relative to the machine
quill / spindle when it is not in contact with the part
« electrical repeatability so that the probe always
triggers at the same stylus deflection in any particular
direction

The original touch-trigger probe is based on a spring-
loaded kinematic arrangement of rods and balls, as
shown in Fig. 1. These provide six points of contact,
ensuring that the stylus carrier is held in a unique
location with excellent repeatability. The mechanism
allows the probe’s stylus to be deflected as it meets the
surface of the part, whilst the spring ensures that the
mechanism re-seats when the stylus is in free space.

A trigger signal is
generated on contact with
the component surface and
is used to stop the machine

A spring holds the stylus
against the  kinematic
contacts and returns the
probe to a seated position
following contact between
the stylus and the part

3 rods, each resting on
two  balls, providing
6 points of contact in a
kinematic location

The stylus ball is uniquely
located, returning to the
same position within 1 um
(0.00004")

Fig. 1. Schematic of a kinematic resistive probe

The contact elements are made of tungsten carbide, a
very hard substance, to ensure that the contact patches
(where the material is elastically deformed under the
force of the spring) are very small. An electrical circuit
runs through the contacts, and it is the resistance
through this circuit that is measured by the probe’s
electronics.

=
\..,=

L]

Fig. 2. How a kinematic resistive probe generates a
trigger

Fig. 2. illustrates the mechanics of a trigger:

1. As the probe’s stylus moves towards the component,
the spring is holding all of the kinematic elements in
contact, so that the stylus is in a known position
relative to the quill / spindle.

2. The stylus meets the surface.

3. As the machine’s motion continues to drive the
stylus into contact with the component, forces start to
build in the probe mechanism. The contact force at the
stylus tip creates a moment in the probe mechanism
about the set of contacts on the left hand side of the
mechanism, which is balanced by a reactive moment
generated by the spring, pivoting about the same set of
contacts. As these forces build, the stylus undergoes
bending (greatly exaggerated in the diagram for
illustrative purposes).

4. Eventually, the increasing contact moment
overcomes the reactive moment and the mechanism
starts to pivot about the left-hand set of contacts. The
contacts on the right move apart, breaking the electrical
circuit in the probe. Before this occurs, a trigger is
generated see the section on electrical switching,
below). The trigger signal is used to latch the
machine’s position at that moment, and to command
the machine to slow down and back off the surface.

5. Once the machine backs off the surface, the probe
re-seats into its repeatable rest position.
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2. ELECTRICAL SWITCHING

An electrical circuit is made through the kinematic
contacts. The ball plate is insulated from the tungsten
carbide spheres, whilst the cylinders and the stylus
carrier are also insulated from one another (see Fig.
3a). Wires in the ball plate carry the current between
the contact sets.

Cylinder attached
to stylus carrier

Current flows
through
kinematics

Tungsten carbide spheres bonded to
(and insulated from) ball plate

Resistance rises
as area reduces
(R=p/A)

Elastic
/

/4 ) ,/ deformation
Contact patch

shrinks as stylus !
force balances /

spring force

Fig. 3a. and 3b. Electrical circuit through kinematics
and close-up of the contact path between elements

Under the load of the spring, the contact elements
undergo elastic deformation (see Fig. 3b), creating
small contact patches through which the current can
flow. The resistance across each contact patch is
inversely related to the area of the contact patch (R =
p/A). As the force between the stylus and the
component builds, the reactive moment that is
generated in the probe mechanism causes the forces
between some contact elements to increase, whilst the
force between others will decrease. As the force
between two contact elements reduces, the contact
patch area gets smaller, thus increasing the resistance
between those elements. With all six contact patches
wired in series, the contacts with the lowest force
between them greatly affects the overall resistance in
the probe circuit.

When the resistance reaches a threshold, the probe’s
output is set to ‘triggered’ (see Fig. 4). Vitally, the balls
and rods are still in contact when the trigger occurs, so
that the stylus is in a defined position, providing
repeatable measurement.
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Fig. 4. A trigger is generated when the probe circuit
resistance breaches

3. FACTORS IN KINEMATIC RESISTIVE
PROBE PERFORMANCE

3.1 Pre-travel

When the stylus is in contact with the surface, a
balance of forces is established. Before the trigger
threshold is reached, these growing forces cause the
stylus to bend. Since the machine is still moving, the
amount of bending in the stylus that occurs before the
probe triggers affects the latched position of the
machine when the trigger is recorded. This stylus
bending prior to the trigger is known as pre-travel.
Referring to figure 5, pre-travel depends on F. and L, as
well as the stiffness of the stylus, according to the
formula: Pre-travel = F, - L® / 3El (where E is the
Young’s modulus of the stylus stem material, and 1 is
the moment of inertia).

Before the contact elements separate, the force balance
is as follows:

Fe-L=F,-R (1)

-»' F.

Fig. 5. Force balance in a touch-trigger probe



3.2 Pre-travel variation (lobing)

The contact sets in a kinematic resistive probe form a
triangular arrangement. This means that the pivot
distance R varies depending on the direction in which
the contact force acts in relation to the probe
mechanism. For an particular stylus (i.e. L is constant)
the contact force F, is proportional to R.

Figure 6 shows how the contact force for a given stylus
varies dependent on the direction of contact.

Fig. 6. High and low force directions

In the low force direction (F.), the pivot distance R is
approximately half as long as in the high force
direction (Fy). Figures 7a and 7b illustrate this in more
detail. Since R; > R, therefore F; > F,. A larger force
is needed to reach the trigger threshold in the high force
direction, resulting in more pre-travel in that direction.
Trigger force variation results in a phenomenon known
as pre-travel variation (PTV) or lobing.

High force
direction:

T o

Pivot
point

Fig. 7a. Pivot point is further from stylus centre line in
high force direction

Low force
direction: S

Pivot | |
point \

Fig. 7b. Pivot point is closer to stylus centre-line in low
force direction

Fig. 8. shows a typical XY pre-travel plot for a TP6
kinematic resistive CMM touch-trigger probe. The
three high force directions can be seen as the peak
points of this plot. The maximum variation in pre-travel
in this case is around 3.3 pm (0.00013 in).

Fig. 8. Pre-travel variation plot for a TP6 CMM probe

3.3 XYZ pre-travel variation

Pre-travel exists not only in the XY plane, but also in
the Z direction. In this case, there is no mechanical
advantage (lever action) over the probe spring, so the
contact force is the same as the spring force (see fig. 9);
therefore the trigger force in this direction is much
higher than that seen in the XY plane. However, since
the stylus is in compression when triggering in this
direction, its effective stiffness is much higher and the
pre-travel in the Z direction is generally much smaller
than in the XY plane.

Fig. 9. Force balance in the Z direction

Kinematic resistive probes exhibit 3-dimensional
(XYZ) PTV, a combination of the XY and Z pre-travel
effec.ts. When measuring complex surfaces, this
becomes an important characteristic.

3.4 Probe calibration

Pre-travel itself is not a form of error, since it can easily
be compensated by probe calibration. A datum feature,
of known size and position, is measured to establish the
average pre-travel for the stylus concerned. Once this is
complete, the key factor affecting measurement
accuracy is the probe’s repeatability (see next section).
However, there are some limitations. On complex parts,
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many probing directions may be needed. If the PTV
value for the probe / stylus combination is sufficiently
low, then its impact on the measurement accuracy may
be acceptable. However, if this potential measurement
error is unacceptably large, then it may be necessary to
calibrate the probe for each direction in which it is to
be used.

3.5 Repeatability

A probe’s ability to trigger at the same point each time
is known as it’s repeatability. This is a random error
and Kinematic resistive probes for machine tool
applications typically repeat within 1.0 um (0.00004 in)
(20) at the stylus tip. Many CMM kinematic resistive
probes can repeat within 0.35 pm (0.000014 in) (20).It
is important to note that these are test rig values, and do
not necessarily represent the system measurement
repeatability. Any variability in the time taken to latch
the machine position from when the probe issues a
trigger signal will manifest itself as an increase in
repeatability. Whilst CMM control designs have been
optimised around the probe input, for CNC machine
tools this is not always the case.

Other factors that can affect the measurement
repeatability of machine tool probes include:

» Sample frequency of the probe signal by the machine
controller - on CMMs this is normally a real time
interrupt, whilst some CNC machine tools are fitted
with high speed skip inputs to minimise the uncertainty
of position at the point of trigger. However, some
CNCs only sample the probe input every few
milliseconds.

» Transmission repeatability - the variation in time
taken to transmit a probe trigger signal to the controller.
Renishaw optical and radio transmissions are designed
to have a short and highly repeatable delay.

3.6 Hysteresis

The direction of the preceding probe trigger has a small
effect on the point of the trigger - similar to backlash in
a ball-screw mechanism. Hysteresis is maximised when
a measurement follows a probing move in the opposite
direction in the XY plane. This effect increases with
stylus length and contact force. However, the kinematic
mechanism minimises hysteresis so that it is typically
only a small component of the probe’s unidirectional
repeatability.

3.7 Performance factors ranked in terms of
importance

1. Repeatability

This is the key performance requirement of any trigger
probe and represents the fundamental limit to system
performance. Hysteresis contributes to repeatability.

2. Pre-travel variation

This factor can be removed through calibration,
provided all the probing directions are known.
Measurement accuracy will be reduced if a probe with
a high PTV value is used in an unqualified direction.
PTV increases rapidly with stylus length in kinematic
resistive probes.

3. Hysteresis
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A small factor for probes with kinematic mechanisms.
4. STRAIN GAUGE PROBE TECHNOLOGY

A newer form of sensing technology has addressed the
performance limitations of the kinematic resistive
probe mechanism: silicon strain gauges. This has been
made possible by modern compact electronics and solid
state sensing, which Renishaw has engineered for
probes as small as 13 mm (0.5 in) in diameter.

Although strain gauge probes still use a kinematic
mechanism to retain the stylus, they do not use the
resistance through the contact elements as the means to
sense a trigger. Instead, a set of strain gauges is
positioned on carefully designed webs in the probe
structure above the kinematics (see figure 10). These
gauges measure the contact force applied to the stylus
and generate a trigger once the strain exceeds a
threshold value. This provides a low trigger force, and,
since the sensing is not dependent on the kinematics, a
consistent trigger characteristic in all directions.

Fig. 10. Strain gauge mounted to web inside probe

4.1 Measuring the contact force

Figure 11 shows a schematic of a strain gauge probe.
At low contact forces, the kinematics remain seated and
the force is transmitted through them to the probe
structure. The strain gauges - three measuring gauges
aligned to sense in the X, Y and Z axes - are mounted
on thin webs. They detect forces in the structure and
their outputs are summed together so that once a force
threshold is breached in any direction, a trigger signal
is generated. This threshold force is typically a few
grams - much lower than the trigger force on an
equivalent resistive sensor.

o

‘,—»FC

Fig. 11. Schematic of a strain gauge probe measuring
the contact force



The strain gauges are highly sensitive to forces on the
structure, and will detect vibrations on the machine
whilst the stylus is not in contact with the surface of the
part. Filtering circuitry inside the probe establishes
whether the strains seen at the gauges are the result of a
real and persistent deflection of the stylus. To achieve
this, a short and highly repeatable delay is inserted into
the detection circuit from the moment the force
threshold is first breached, after which a persistent and
increasing force must be seen before a trigger is issued
at the end of the delay period.

4.2 Rejecting false
measurement

Fig. 12a. illustrates the case where there is significant
noise on the strain gauge output value, caused by
vibration on the machine. In this case, the threshold is
breached by one particular vibration and the fixed delay
timer starts. However, the force drops below the
threshold and remains at a lower level so that, once the
delay period has expired, the electronics can identify
that a real trigger has not occurred, so no trigger signal
is issued.

A

triggers and repeatable

Force

Force below
Threshold
brecched threshold at end of
fixed delay period

Threshold //

Time
Filter End of
delay fixed
starts period

Fig. 12a. A random vibration breaches strain gauge
force threshold — no trigger issued

Meanwhile, Fig. 12b. shows the case where the stylus
meets the surface. Once the stylus strikes the surface,
random vibrations are quickly damped out as the strain
gauges measure the contact force. The force seen at the
gauges rises persistently, so that once the timer starts,
the force never falls below the threshold again. At the
end of the repeatable delay period, a trigger signal is
issued.

This repeatable delay is easily removed with probe
calibration. The net effect is an apparent reduction in
the radius of the stylus ball, equal to the distance
moved by the machine during the fixed delay period.
Provided the machine moves at a constant speed during
this period, measurement repeatability is unaffected.
This means that the probe must be calibrated at the
same programmed feed rate at which measurements
will occur, making strain gauge probes suitable only for
automated CMMs and CNC machine tools. A further
consideration is the programmed target position - the
point beyond the expected position of the surface

towards which the machine is programmed to move
during the probing cycle. Manufacturing engineers
must ensure that as the machine moves towards this
target position, it does not start to decelerate before the
stylus meets the surface. The over-travel distance must
therefore take account of both the likely variation in
surface position, as well as the deceleration profile of
the machine.

A
Force
Threshold
breached Force above
threshold at end of
fixed delay period
Threshold
; >
Time
Filter End of
delay fixed
starts period

Fig. 12b. A persistent force due to a probe trigger
breaches strain gauge force - trigger signal is issued at
the end of the delay period

4.3 Performance benefits

Fig. 14. shows a typical pre-travel variation plot for an
OMP400 touch-trigger probe where 12 points are taken
at 30° increments around a circle. The chart shows a
typical PTV plot for an OMP400 touch probe, showing
a low and almost uniform pre-travel in all directions.
Using a 50 mm stylus, the PTV value in the XY plane
is just 0.34 um (0.000013 in), or roughly 90% less than
the PTV value for a similarly sized kinematic touch
probe. The OMP400 touch probe typically exhibits
XYZ PTV values of less than 1 um.

Fig. 14. Pre-travel variation plot for an OMP400 touch-
trigger probe

These performance benefits manifest themselves in
more accurate measurement, especially on complex
parts where many sensing directions are used. The low
PTV value means that a simple probe calibration
routine can be used.
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4.4 Life and reliability benefits

Another benefit of strain gauge technology is the longer
operational life that can be achieved - typically more
than 10 times longer than resistive probes. Using solid
state strain gauges means that there is almost no
degradation of the kinematic contacts, which are used
solely for their mechanical re-seat properties. In
contrast, resistive probes start to exhibit increasing re-
seat failures over time. The resistance through the
contacts eventually fails to fall below the trigger
threshold due to microdegradation of the surfaces.
Furthermore, unlike resistive probes, strain gauge
sensors do not suffer from vibration-induced false
triggers. These characteristics make them suitable for
intensive touch-trigger probing applications.

4.5 Flexibility

In kinematic resistive probes, the pre-travel variation
increases rapidly with stylus length (PTV is
proportional to the cube of the stylus length). This
means that measurement performance requirements
limit the length of stylus that can be used. Whilst this is
overcome in many cases by the use of an extension bar,
an indexing head and / or the small size of the probe
itself, there are some inspection applications that
demand a very long stylus. Strain gauge sensors, with
their lower and more consistent trigger forces, can
provide superior measurement performance and

support much longer styli. In the case of the RMP600
spindle probe for machine tools (see Fig. 15.), styli up
to 300 mm long can be used, with only a small decrease
in measurement performance.

Fig. 15. RMP600 strain gauge spindle probe
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Stylus length

50 mm 100 mm
Repeatability
Max. 26 in any direction | 0.25 pm 0.35 um
of 12
2D (XY) lobing
Max. deviation from a +0.25 um | £0.25 um
ring gauge
3D (XY2Z) lobing
Max. deviation from a +1.00 ym | £1.75 um
known sphere

Some measurement applications demand very small
styli to access the features to be measured. The low
probing force of strain gauge sensors means that less
rigid styli can still be used.

5. SUMMARY

Touch-trigger probes - kinematic resistive and strain
gauge sensors - are the most widely used forms of
contact sensor used on CMMs and CNC machine tools.
Despite the recent increase in the use of scanning
probes on CMMs, touch-trigger probes continue to play
an important role in quality assurance and process
control in many fields of manufacturing. Their design
has evolved to meet the needs of a wide range of
measurement tasks, with innovative sensing technology
providing improved performance, a longer operating
life and increased flexibility.
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CALIBRATION OF THE LENGTH MEASURING MACHINE

Abstract: This contribution describes procedures and interpretation techniques of calibration universal length
measuring machine Zeiss ULM 600. As a method for calibration was used direct comparison method. The Aim of
this work is to specify a calibration method, design of measurement model, execution of the measurement
experiments, statistical evaluation of the measurements, specification of source of uncertainties and interpretation
of the results of calibration in terms of the chosen methodology. As a standard was chosen laser interferometer XL
80 from Renishaw. Result of this work is to determine the positioning errors of the length measuring machine with

application of corrections of these errors.

Key words: length measuring machine, laser interferometer, calibration, uncertainties of measurement

1. INTRODUCTION

In the calibration of precision measuring systems
are increasing requirements for accuracy, evaluation
and improvement of new principles and methods of
measurement. For this reason is important the
implementation of the optical measurement systems for
the calibration process.

As a standard for the calibration was chosen laser
interferometer Renishaw XL 80 to fulfill requirements
for high accuracy and repeatability measurements of
the length measuring machine. The laser interferometer
is also used in the geometrical quantities measurement.

2. LENGTH MEASURING MACHINE ZEISS
ULM 600

Length measuring machine Zeiss ULM 600 is a
classic concept with manual control tailstocks. Linear
measurement range is 600 mm. Positioning of
measuring touch with resolution 0,2 pum is indicated by
measuring ruler HEIDENHAIN. This device is used for
length measures calibration such as plain plug gages,
setting rings, thread gages, thread setting rings, gage
blocks, dial indicators, calipers, micrometers and the
others.

PERFORMANCE DATA ZEISS ULM
600

Linear measurement range 0 to 600 mm
Resolution 0,2 ym
Maximum permissible error 0,3 + L/1500 um
MPE

Table 1. Basic metrological parameters of Zeiss ULM

600

3. STANDARD - LASER INTERFEROMETER
RENISHAW XL 80

Laser interferometer is measuring device that is
used in the geometrical quantities measurement such as

length, angle, straightness, flatness or perpendicularity.
As a light source is used He-Ne laser (Helium-Neon)
methane CH, stabilized. Frequency is sufficiently stable
to be able measure the frequency and wavelength with
high accuracy. Laser interferometer Renishaw XL 80 is
based on heterodyne principle; it is therefore dual
frequency interferometer.

Device works on the physical principle of the
interference comparator. The light source is dual
frequency gas laser. The laser emits light radiation at
two very close frequencies. Both beams are orthogonal
polarized. This allows their separation by polarizing
filter. This provides reference and measurement beams.
Reference beams f; and f, fall on a photosensitive
element, the measuring beams continue to half mirror.
The measuring beams are divided into two parts here.
One part of the frequency f, is reflected by the corner
reflector and after reflection from the semi-permeable
mirror returns to the photosensitive element. The
second part of the frequency f; moves through the half
mirror and turns to the corner reflector mounted on the
measured object. There is a frequency shift of the beam
on value f; + Af. The beam turns on a photosensitive
element. There is an output signal proportional to the
frequency change Af on the output of evaluation unit.

VAN
A — 24 I k
LASER »- n ’: \
B — /k >
J f, af , f,xaf

INTERFEROMETER
OPTICS

A A

A

PHOTODIODE CORNER REFLECTOR

f-f, ¢ %fg(!:m

EVALUATION UNIT  fe—|

COMPENSATION
UNIT

Fig. 1. Schematic sample of the heterodyne laser
interferometer
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The accuracy of measurement by the laser interferometer
affects the refractive index of environment, usually air.

Wavelength of the laser beam varies according the
formula:

1= (1)
n
where:
A — wavelength of laser light in air,
Ao — wavelength of laser light in vacuum,
n — refraction index of air.

The value of the refractive index varies according to
changes in temperature, pressure relative humidity and
chemical composition of air. Contamination of optical
path of laser between interferometer and corner
reflector also affects the measurement.

System performance Renishaw XL 80

Linear measurement range | Oto 40 m
Linear measurement

accuracy 0.5 um/m
Linear frequency accuracy | +0,05 pum/m
Resolution 1nm

Maximum travel velocity 4mls

Dynamic capture rate 10 Hz to 50 kHz
Preheat time < 6 minutes
Specifies accuracy (010 40) °C

temperature range

Environmental sensor Renishaw XL 80

performance
. (0to 55) °C
Material temperature Accuracy: +0,1 °C
(0to 40) °C

Air temperature Accuracy: + 0,2 °C

65 kPa to 115 kPa
Accuracy: +1 mbar

Air pressure

position for long enough to allow a capturing of actual
position.

Direct to the nature of measurement is chosen as a
measuring step the linear bi-directional measuring
cycle. It refers to a series of measurement, where
setting to the specified position in given axis is
performed in both directions of movement.

Start / Target

Overrun H |

Start / Target

4_% Overrun

Straight direction

Reverse direction 1. series

Straight direction 2. series

Reverse direction
Fig. 2. Sample linear bi-directional measuring cycle

Ambient conditions (air temperature, material
temperature, air pressure, relative humidity) are

monitored and recorded throughout the measurement to
fulfill the requirements VDI standard, but also to
correction length value of the laser interferometer in
relation to the reference ambient conditions.

(0to 95) %
Accuracy: + 6 %

Table 2. Basic metrological parameters of the laser
interferometer Renishaw XL 80

Relative humidity (%)

4. CONDITIONS OF THE CALIBRATION
EXPERIMENT

As a method for calibration device Zeiss ULM 600
is chosen direct measurement by laser interferometer.
The measurement of wuniversal length machine
proceeded according to standard VDI/VDE 2617. The
calibration must be too complied with a series of basic
conditions, such as the measurement is performed in
metrological laboratory on the device steady-state
temperature, it must be preceded a suitable heating
process and positioning part must stop in the measured
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Fig. 3. Samples calibration of length measuring
machine Zeiss ULM 600




5. MATHEMATICAL MODEL OF THE
CALIBRATION

In calibration of the universal length machine there
are several sources of errors. Classification and
estimation of these potential sources of errors need for
evaluation of uncertainty measurement. The most
significant sources of errors in length machine
measurements is the temperature (or more exactly, the
change of the temperature) of the measured machine.
For very precise measurements is important to measure
the temperature of the controlled part of the machine
and to use it in readout corrections.

Uncertainty of the measurement is the qualitative
sign of measurement. Absolute knowledge of
measurement process requires a lot of information,
which could be described by mathematical model (1).

Mathematical model of calibration of NC positioning
table is expressed as follows:

AL =Ly —[+a(20-t,)]- L

L, (2)
+ 5Lcos + éLAbbe + d-dp
where:
AL —deviation of position in axis,

Lum — measured length value indicated by
universal length machine,

L¢ — corrected value of the measured length of the
laser interferometer (conventionally true
value).

Further corrections in the model are be considered zero
and their impact is transferred to the uncertainty of
measurement.

Other influencing parameters in the model are:

a — coefficient of thermal expansion of the
mechanical part of the universal length
machine,

t,  —temperature of material,

L., - length measured by the laser interferometer
expressed as:

A
64ny,,

where:

Ay —wavelegth of laser radiation in vacuum,

64  — constant of polarization splitter,

Npn  — index of refraction of air at a temperature t,

pressure p, relative humidity h,
N — number of laser pulses.

The refractive index ng, can be expressed by Edlens
equation or using the calculator on the website:
http://emtoolbox.nist.gov/Wavelength/Edlen.asp.

Expression of Edlens equation shows how the
environmental refractive index varies with the
temperature, relative humidity and air pressure
changes.

The errors caused by the change of the wavelength
are less important, but they can not be abandoned.
Roughly 1um/m is caused by: the air temperature
change of 1 °C, the air pressure change of 4hPa and the
relative humidity of air change of 30 %.

Edlens equation:
Nh = N [L+ K, (t —20)+ K, (p—20)— K, (h—50)]  (4)

Errors that are specified as mechanical sources of
uncertainties which are added to overall measurement
model are follows:

O, — Ccosine error,
OLpppe— Abbe error,

oLy, —dead patherror.

A cosine error

If the laser beam is not parallel to a measured axis of a
machine (i.e. the optical path is not properly adjusted)
than a difference between the real distance and the
measured distance occurs. This error of adjustment is
known as a cosine error, because its magnitude depends
on the angle between the laser beam and the axis of the
measured machine.

An Abbe error

An Abbe error occurs when, during measurements, the
measured part does not move perfectly straight and
there appear angular movements, which cause sloping
of the corner reflector.

A dead path error

A dead path error is an error associated with the change
in environmental parameters during a measurement.
This error occurs when some part of the light path (a
dead path) is not included in the temperature (both air
and base), pressure and humidity compensation.

6. EVALUATION OF THE CALIBRATION
RESULTS

Evaluation of the calibration universal length
machine Zeiss ULM 600 is focused to determine
positioning errors of machine axis. Metrological
verification is made, as well with comparing to
manufacturer parameters. As is shown in
Figure 3, some measured error points are not in the
manufacturer tolerance with the uncertainty of
determining the error point. After corrections into the
control system of machine Zeiss ULM 600 are all
measured error points in accordance with the
manufacturers tolerance, as is shown in Figure 4.
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Fig. 4. Diagram of positioning errors of the Zeiss ULM
600
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Fig. 5. Diagram of positioning errors of the Zeiss ULM
600 after application of corrections

Uncertainty of measurement in calibration:
U =(0,05+0,5- L)um, L is length in meters

The reported expanded uncertainty of measurement
is stated as the standard uncertainty of measurement
multiplied by the coverage factor k = 2,00 which for a
t-distribution with ve = 132,1 effective degrees of
freedom corresponds to a coverage probability of
approximately 95%. The standard uncertainty of
measurement has been determined in accordance with
EAL Publication EAL-R2.

7. CONCLUSION

This contribution describes procedures and
interpretation techniques of calibration the universal
length measuring machine Zeiss ULM 600 by laser
interferometer. Calibration of the universal length
machine requires design of calibration model,
specification sources of measurement errors and
interpretation of the calibration results in accordance to
a metrological standard. Contribution also describes the
operation process of calibration of universal length
machine, conditions of its measurement and shows
sample of evaluation the universal length machine
before and after corrections.
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HOW MANAGERS ESTIMATE
MANAGEMENT SYSTEMS TODAY IN SERBIA

Abstract: Quality managers in Serbian organisations were asked to estimate the main quality management system
dimensions. They are also asked to express their opinion on how they generally estimate their quality management
systems. Linear regression is used to find predictors of these general estimates and conclusions are drawn out.

Key words: managers' estimates, quality management, transition

1. INTRODUCTION

Over one million firms worldwide implemented
ISO 9001 in last seven years [1].

Nair & Prajogo [2] argue that applying ISO 9001
may result in innovation, and that can generate positive
influence on performance of an organisation. Such inf-
luence of ISO 9001 is present in developed economies.

As Jimenez & Valle [3] argue, there are technical or
administrative innovations. Technical innovation can
be a new product/service or modification of an existing
process. Administrative innovation can be a new proce-
dure in administration, new policy, new set of rules
and/or other set of changes in organising the work.
According to some findings, innovations can support
organisations dealing with unstable events [4], [3].

This research is carried out in Serbian economy. It
is now for a long time in transition [5].

This research is carried out along with some more
extensive works in the University of Novi Sad (Faculty
of Technical Sciences, Department for Industrial
Engineering and Engineering Management), aimed to
examine impacts of quality management system (QMS)
practices to organisational performance. First results
thereof will be published soon.

This research is aimed to find how generally quality
managers estimate their quality management systems.

As far as we know, some findings indicate differen-
ces between how impacts of quality system dimensions
are treated and what their influence is on organisational
performance, in developed economies and economies
in transition [5], [6]. Many research efforts (and practi-
cal as well) have to be made to straighten things out - to
find where economies in transition are today and what
to do to direct it towards improving their performance.

It is now of a great interest for both researchers and
practitioners to examine what quality dimensions are recog-
nised by Serbian managers as predictors of general estimate
of QMS (fig. 1, 5 point Likert scale used for estimating).

The assumption as a basis for this study is: all esti-
mates of quality management system dimensions make
significant positive relations with the general estimate
of a quality management system provided by managers.

Study is carried out using a specially designed ques-
tionnaire.

2. METHOD
The questionnaire used in the study was constructed
upon results of several studies highly related with this

one (e.g. [3], [7], [8], [9], [10]).

/-\ Anderson-Darling Normality Test
A-Squared 9.12
P-Value < 0.005
Mean 3.4562
StDev 0.8676
/ \ Variance 0.7528
— — [~
. - g Skewness -0.33179%
1 2 3 4 5
Kurtosis 0.108145
N 160
[

Fig. 1. Descriptive statistics summary for cenral parameter
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Pre-final questionnaire was reviewed by experts from
the Faculty of Technical Sciences in Novi Sad, IIS - Rese-
arch and Technology Center Novi Sad and a group of qua-
lity managers from industry. Some corrections were made.
After them a pre-test was conducted on a sample of 30 ca-
ses. Finally, the questionnaire contained 44 items grouped
into eight quality management constructs. A five-point
Likert scale [11] was used for obtaining estimates.

Data were collected within a time of around three
months. An electronic questionnaire was used. After being
forwarded to quality managers of manufacturing and service
organisations in Serbia, results were collected electronically.

According to Aire [12], unidimensiolanilty analysis is
to be conducted by carrying out confirmatory factor analy-
sis (CFA) (here done using LISREL v8.80). After that, the
model fit was examined by calculating y* and p values.
Finally, for all constructs, the goodness of fit index (GFI)
was analysed. Questionnaire reliability test was carried out
by calculating Cronbach o [11] coefficients. Bentler-
Bonett coefficient was calculated for convergent validity
analysis [12]. All of the analysis proved out that
questionnaire was reliable and valid for the research.

Discussion and conclusions of this study are based
on calculating various parameters of descriptive
statistics for observed variables and performing
multiple linear regression to find independent
predictors of observed estimates.

3. SAMPLE

The survey lasted for three months. An electronic
questionnaire was forwarded to quality managers in
certified Serbian organisations. Out of over 1000
organisations, 160 valid responses were returned.
Desctriptives are given in the results section.

4. RESULTS
Organizations from the sample are production,
service providers or both (Table 1).

Organisation types N %
Production 40 25.0
Service 63 394
Production and service 57 35.6
Total 160 100.0

Table 1. Organisation types in the sample
The type of organisation ownership also varies
throughout the sample (Table 2).

Property (mainly) N %
Government 68 42.5
Private 92 57.5
Total 160 100.0

Table 2. Private and government organizations in the
sample
The sample includes micro, small, middle and large
organisations (Table 3).

No of employees N %
between 1 and 9 26 16.3
between 10 and 49 19 11.9
between 50 and 249 54 33.8
over 250 61 38.1
Total 160 100.0%

Table 3. Size of organisations in the sample

Given the tabular descriptives, sample can be
regarded as representative.

Frequencies of QMS dimensions estimates are
given in Fig. 2, while Table 4 contains descriptives.

L 2 3 & 0
Leadership QPlanning Employee mgmt
50 1
257
[ —
0 Supplier mgmt CustomerFocus Process mgmt
~ 50
25
T T T T T 0
ContImp Learning 1 2 3 4 5
50
257
0 T T T T T

1 2 3 4 5

Fig. 2. QMS dimensions: frequency histograms
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Variable Mean* StDev* Items Source DF SS MS F P
Leadership 380  0.869 3 Regression 8 83.99 10.49 444  0.000
Quality planning 3.75  0.817 4 Residual 151 3570  0.236
Employee management ~ 3.43  0.955 5 Error
Supplier management 3.87  0.802 4 Total 159 119.69
Customer focus 391 0.909 4 Table 6. Analysis of variance for regression model
Process management 3.84 0.879 4 Results of linear regression are given in table 7, while
Continuous improvement 3.70 0.899 4 graphical interpretation of the model is shown in Fig. 2.
Learning 3.69 0.908 4 R’ (determination coefficient) value of 70.2% indica-

* Mean and deviation for parameter values scaled to 5 points Likert
scale

Table 4. Descriptives: QMS dimensions
General estimates of QMSs provided by quality
managers are shown in Fig. 1 and table 5.

QMS estimate Frequency Percent
1 3 1.88
2 16 10.00
3 61 38.13
4 65 40.63
5 15 9.38

Table 5. Estimates of QMS provided by Q managers

Fig. 1 uncovers 3 outliers in 160 cases (estimates
thereof are 1 at a Likert scale). Other data forms the
distrubution that can not be considered normal (see
Anderson-Darlin test results). Having median right of
the mean is caused by outlier values.

Calculation of regression is performed (independent
variables are QMS dimensions, and QMS estimate is de-
pendent variable). Model appears to be statistically signi-
ficant at the confidence level of 99% (p<0.01, table 6).

tes that around 70% of dependent variable variation can be
explained by variations of independent variables.

Regression equation (1) is presented using abbrevia-
tions given in table 7. Central parameter (dependent vari-
able) is abbreviated with "QMSEst":

OMSEst=-0.080 + 0.0763 LEAD +
0.0370 QP - 0.0038 EM + 0.0178 SM -
0.0127 CF + 0.0322 PM + 0.0622 CI +

0.0464 LEARN

Statistically significant parameters are underlined
along with their coefficients. At the end, graphical
interpretation of a model is given in Fig. 3.

5. DISCUSSION

Values of predictor coefficients are low due to dependent
variable domain (1 to 5), while independent variables are
scores composed of 3-5 item estimates (with wider
domains; see Table 4). P-values can be considered
indicators of a predictor statistical significance.

Estimates of leadership appear to be the strongest
predictor of QMS estimates. Observed alone, this finding
might be a positive indicator. But, one could be justifiably
concerned about the situation where, at the same time,

Predictor Abbreviation*** Coef SE Coef T P
Constant - -0.0798 0.2098 -0.38 0.704
Leadership** LEAD 0.07626 0.02641 2.89 0.004
Quality planning QP 0.03698 0.02244 1.65 0.101
Employee management EM -0.00382 0.01490 -0.26 0.798
Supplier management SM 0.01784 0.02234 0.80 0.426
Customer focus CF -0.01266 0.02160 -0.59 0.559
Process management PM 0.03220 0.01904 1.69 0.093
Continuous improvement™ Cl 0.06224 0.02415 2.58 0.011
Learning* LEARN 0.04640 0.02028 2.29 0.024
** p<0.01, *p<0.05, ***used in regression equation
Table 7. Linear regresesion results
: Process
Leadership management

Quality planning

Employee
management

QMS estimate

Supplier
management

Customer
focus

N

Fig. 3. Model

Quality Planning

Continuous
improvement

Learning
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managers' estimates do not reveal any significant direct
relations between process management, customer focus or
quality planning from one and central parameter from
other side. What does leadership mean without previously
listed attributes as predictors? What business behaviour
model could any manager offer to employees, and how
could he or she make efforts to motivate employees, if not
towards efficient process management, higher user
satisfaction levels and/or better quality planning?

Leadership 9,
PP 26
.004
Continuous 0.062 .
improvement | #0077 > QMS estimate
)
ngior),b(
Learning ¢

Fig. 4. Significant predictors

Data for the study [5] are acquired little more than a year
before this study. Study reveals relations between different
dimensions of quality management and the application of
quality management principles (QMPA) introduced by
ISO 9004 standard. The positive relation between subjec-
tive estimates of QMS and QMPA is registered. Among
observed dimensions related to QMPA there was process
management as well. Now, without this relation, we may
assume that generally quality management system is not
any more driven to enhance process management any more.
This could be the most discouraging conclusion of this study.

Human resource management have shown significant po-
sitive relation with QMPA. Now, relation between emplo-
yee management and QMS estimate is not registered.
Does it mean that these very important links between emp-
loyees and QMS simply vanished? The results of this
study are more likely to be valid then the previous one,
due to three times larger sample.

Customer focus was not found to be related to QMPA. It
is now not related to QMS estimate. Assuming that these
two findings are both caused by the fact that processes are
generally driven by something else (not customer focus),
this can be regarded as discouraging as well.

Continuous improvement and learning are found to be
predictors of QMS estimate. This is encouraging. It pro-
bably means that managers are aware of the importance of
all observed elements but are simply not able to straighten
things out due to work overload, unfavourable conditions
in which organisations operate (transition) and poor work-
force motivation.

Findings of this study must be examined in more detail to
gain more usable conclusions. "More detail" means larger
samples, more sophisticated methodology, access to more
relevant data other than "just a few subjective estimates" and
support for on-site testing by measuring efficiency of actions
designed upon results of valid studies. Such activity needs
time, support by authorities and access to a set of relevant
resources (such support doesn't exist for a very long time).
And, the last, absence of expected relations must not be
examined without taking into account conditions in which
organisations operate and its impacts to managers' estimates
and performance of an organisation.

However, one can never be wrong by making decision to
design appropriate actions (for instance trainings, seminars or
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improvement projects) to support process management
improvement, human resource management improvement,
better understanding of customer requirements, implementa-
tion of various methods/techniques (statistical, engineering
and/or management). Scientific institutions are today not
strong enough to carry out such activities on their own.

6. CONCLUSIONS

This study reveals absence of expected relations between
quality management dimensions and estimates of quality
management systems provided by managers in conditions
of transition (in Serbia). The absence thereof is found
using the sample of 160 firms, and linear regression.
Authors proposed a framework for design of activities to
overcome shortcomings and help firms to direct their
businesses towards improvements.
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NEW USER INTERFACE FOR DETECTING EDGE WEAR ON CUTTING TOOLS

Abstract: Increased demands for condition monitoring and demands to increase productivity need new data
acquisition methods and user interfaces. Other possibilities are also researched for implementing the method into
production process. Use of high speed data acquisition systems is necessary to fulfill the need for monitoring high
speed events. This paper presents preliminary tests and results of developing a software user interface for detecting

the wear on cutting tool during machining.

Key words: edge wear, machining, high speed camera, data acquisition.

1. INTRODUCTION

During the last decade there has been a setback in
development of acquisition techniques. Researchers
and authors use existing techniques which they refine
[2,3,5,6,7,8,9]. Solutions and methods used in other
scientific fields are implemented [1, 4, 10]. Some of the
author use intelligent methods to gather, evaluate,
optimize and predict data. Others rely on hardware
solutions to do the same job. A decision was made to
upgrade the existing system for measurements and
gathering data with an additional system. In machining
were everything is moving, vibrating, cracking,
breaking and heating up, the options for data gathering
and applying new techniques seem endless. But there
are some limitations that need to be taken care off.
These limitations are coupled to the equipment used for
measuring and gathering. Usually the equipment used
for specific measurements and data acquisition is
specific and hard to apply. Different hardware was
evaluated; among them are visual sensors, sound,
vibration and temperature sensors.

The main representatives in this division were
evaluated considering the ability of optional adjusting
the parameters and the applicability into other
machining applications. The machining processes are
time and resource consuming. The cutting procedure
itself runs at high speeds, thermal and physical loads
are immense therefore the hardware equipment must
keep up with the rising demands. Today’s cutting
speeds depend on the speed of the main spindle. It is
common that the spindle rotates at 20.000 rpm’s.
Temperature sensors give an inside view on how the
temperatures are deployed in the material. The main
disadvantage of using the thermal sensor is the lack of
information about the physical properties of the work
piece material or the material of the cutting tool. This
information is vital for correct evaluation of gathered
data and possible numerical simulations. The
manufacturer of the cutting tool or the work piece
material usually give very little information about it,
therefore the needed data has to be acquired otherwise.
Sound — vibration sensor are very sensitive to the
surrounding environment. The slightest disturbance can

of the cutting tool tip, insert or the chip — in that

cause incorrect measurements and the gathered data
can be discarded. In a working environment, there are a
lot of disturbances from other machines. With the use
of special filters these disturbances can be filtered out
and the signal cleared. But the state of the tool or work
piece is still unknown. The state of it must be
determined with the use of other measurement
equipment. The use of a high speed camera reduces
some disadvantages of previous mentioned equipment.
Its work is similar to the work of an operator behind his
machine. The operator listens and visually inspects the
errors and if necessary adjusts the settings. Therefore a
decision was made to begin testing a colour high speed
camera and use it to develop an interface for tool wear
detection.

2. HARDWARE EQUIPMENT

The high speed camera enables a maximum speed
of 65 frames per second (fps). The resolution of the
captured images can range up to 640 x 480 pixels. It
also has a built in trigger for using additional light
source. A built in 1.6 GHz processor enables fast
processing of gathered frames. The camera has also an
IP67 protection rating, so that it can be also used in
working conditions. To use such a camera a
compromise must be done to satisfy the need for speed
and the need for accuracy. For example, to determine
the length of an insert, the scale can be bigger than 1
mm, but to observe the size of the tool, one must
consider the tight tolerances during machining.
Therefore the scale must be smaller. For 0.1 mm
accuracy, the maximum observed window size at a
resolution of 640 x 480 pixels is 21.3 x 16 mm. For an
accuracy of 0.01 mm, the maximum area would be 2.13
x 1.6 mm. For practical reasons and use, such values
are too small — the inflicted damage results in bigger
deformations. Because of that we did not go under the
accuracy of 0.1 mm (100 pm). In our testing, the
cutting speeds did not exceed 3900 rpm. At 3900 rpm,
the tool rotates at a speed of 65 revelations per second.
If a slower cutting speed is chosen, more images can be
gathered during one tool revelations. The colour lens
enables also the spotting of any changes in the colour
way the thermal influence can be detected. In
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conclusion, this high speed camera enables different
options of measurements:
o Detection of parts bigger than 1 mm — detection
area of 213 mm x 160 mm,
o Detection of parts bigger than 0.1 mm — detection
area of 21.3 mm x 16 mm,
e Detection in colour variations — overheated cutting
tool, chip or work piece,
o Detection of every full rotation of the cutting tool at
3.900 rpm,
o Detection of one or more rotations depending on the
spindle speed.

Considering all options of detection and
classification, a decision must be made which settings
to use and which features to monitor during the test.

3. PREPARATIONS FOR TESTING

Before the tests were carried out, the connection
between the computer and the camera needed to be
established. Because the software is not fully
compatible with the new version of Windows, there
was a delay in connecting both of them. After the
intervention from the manufacturer, a software update
solved this problem. Although the computer had to be
setup to the same sub net mask (IP address...). The
camera is connected via Ethernet port to the computer.
One of the cameras feature is also its ability to function
without a computer. Because it has a built in chip and a
processor, a program can be uploaded. When the
program is running it can take frames or overview a
process autonomously. In the tests, the camera was
connected and ran over the computer. The frames, Fig.
1, were uploaded to the computer and afterwards
evaluated.

Set of frames, Fig. 1, shows the conditions during
milling. The insert is clearly visible. The used work
piece material was a steel alloy with the designation
OCR 1.2379. For this set of tests colour frames were
used.
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Fig.1. Frames gathered during the testing
4. RESULTS

The first results were used to create a computer
program, which recognises specific features, in our
case the edge of the insert. The program was developed
to recognise the edge of each insert, Fig. 2, and it also
compared all gathered frames with inserts with a
template frame — the differences are returned (a
detection possibility for insert if they are present or not
and what size they are). Fig. 2 also shows how the
program is set up out of different feature recognition
subprograms (steps). Each of these steps offers a
variety of settings. With the gathered data (frames) 11
different settings were tested to determine which
combination of steps and settings enables the best
recognition capability for a certain feature. Use of
circular edge detection is a very useful application.
This allows recognising a circular edge in a specific
region of interest. In the end, an inspection status can
be set up to determine if the frame passed the pre-set



requirements. In any case, a rule can be applied that
takes actions at specified results and makes changes.
These changes can be programed to do specific tasks.
Because the program runs in LabVIEW, additional
options are available. For example, if the acquired
frame does not match the template, the program can
either stop the acquisition or proceed with it.

«* Bx 8@

@ |6
wl‘ @‘

—h

(1]

H PASS
Edge of theinsert | ¢
Distance = 6,40

Acquisition 2
dka1201-1305.28....

Field of view

Fig.2. A developed program for insert detection

Other programs similar to the one on Fig. 3 are
under development. Different settings and different
filters are wused. Combinations are tested and
comparisons are made between them to determine
which one detects more features with greater accuracy
and higher speed. More filters and more settings mean
longer computational times and use of other resources.
Therefore the programs must be as simple, short as
possible so that the full capacity of the high speed
camera can be used. If the buffer of the camera or the
computer is occupied, then the acquisition discontinues
and the sequence of the frames is interrupted.

For simpler applications it is also possible to take a
frame with another camera and use it as a template.
Although it must be mentioned that the base point for
taking frames must always be the same so that all
settings fit to the observed area, tool position and work
piece position. If not, the program can detect other
features and recognise them as the desired feature.

e |

Fig.3.Testing of different settings

On behalf of the gathered frames - results, a
limitation is established which prevents the detection of
undesired edges or features, Fig. 4. This part of
programing is time consuming — it demands the
overview of all gathered frames and the measurement
of all edges. This is necessary to determine the right
values for setting the detection limits. Many other
boundary conditions can be set and limited, depending
on the inserts physical appearance.

Main | Settings | Advanced  Limits

Pass Inspection if...

Minimurn Diameter {pix) 000 |
Maximum Diameter (pix) 50,00
Maximum Deviation (Pixels) 10,00 =
Step Results
Mame Value Unit -
Center X Position 173,45 pix
Center ¥ Position 379,57 pix
Radius 87,12 pix
Diameter 174,23 pix
Deviation 4,47 pix
Strength 56,51
Average SMR. 120,16 dB

173



Main | Threshold Settings |Fi|ter | Limits |

/| Ignore Objects Touching Region of Interest
Fill Holes within Objects

V| Minimum Object Size 10,00 (| pix~2
Maximum Object Size
Sort by Scan Order (X, ) E|
Ohjects Mumber of Objects Found: 12
X ki Size Orient, &
1 219,50 109,50 96 0,00 | &
2 345,50 167,50 o4 90,00 |7
3 200,50 204,50 12 90,00
4 168,50 247,50 96 90,00
5 296,41 243,75 352 74,11
[ 317,50 247,50 54 90,00 T
4 I [ 2

Fig.4. Setting the detection limits
5. CONCLUSION

The results — gathered figures, provide and insight
into the insert wear. Clearly visible insert and its size
can help determine the correct cutting parameters and
prevent the use of damaged inserts. Some suggestions
for cutting parameters are in the form of tables and
books but because of new advancements in the field of
materials, tables for such materials are till now not
made. These gathered data are promising in
establishing a program for insert wear under different
cutting conditions. A chance for chip classification is
also possible, which means that the program is able to
detect and classify different features as short, broken
off chips from long and winding ones, which are
hazardous to the cutting tool and work piece. Other
programs are in development where the program for
insert detection and classification is directly linked to a
program for changing the cutting parameters. In doing
so, the final program will be able to change cutting
parameters during the machining and prevent possible
hazardous cutting conditions and tool breakage.

The ability to detect colour deviations is also a
useful feature. Data from the camera can also be used
for measuring the chip thickness and geometry,
depending on the settings of the camera.
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USE OF VIRTUAL AND ACTUAL VIBRO-DIAGNOSTICS
FOR BETTER CONDITION MONITORING

Abstract: An intensive development of microprocessors and digital signal processing, made an outstanding impact
on vibrodiagnostics and promoted it into the most exploited and reliable method of technical diagnostics. Through
an innovative engineering work on development of a new vibro-diagnostics device, based on LabVIEW application,
a vast of dynamic measurements were conducted and some of them are deployed in this paper. Data analysis is
performed on the records collected with piezoelectric sensor of high sensitivity. The designed instrumentation
underwent a true verification in harsh industrial conditions, on actual machinery, in parallel with an appropriate
brand name measuring device.

Key words: Vibro-diagnostics, Condition Monitoring, Vibration Measurement.

1. INTRODUCTION

Technical diagnostics is undergoing rapid
development and increasing implementation in real
time system monitoring. In order to maximize the
operational  reliability and  efficiency, virtual
diagnostics is used for system health assessment and
machinery failure prediction [1]. Market research
showed the lack of powerful yet affordable
multifunctional multi channel device for signal
analysis. For that purpose a kind of vibro-diagnostic
instrument was developed and this paper shows
vibration severity measurement results.

Data sets were collected under laboratory
conditions, also within industrial environment. The
device architecture is based on dedicated signal
conditioning module and National Institute data
acquisition board. Data measurement and true vibration
analysis were carried out with the application software,
developed in LabVIEW graphical environment. This
multichannel signal analyzer was designed to monitor a
cluster of accelerometer signals in order to determine:

e Vibration severity

e  Peak tones of spectrum (FFT)

e Time graph of signal trends

The device also provides options to display/store
measurement data and input measurement parameters
via conventional communication ports and protocols.

Fig. 2. Signal acquisition system

2. HARDWARE DESCRIPTION

) ) ) The role of NI cRIO is to accept analog and digital
This concept of multichannel portable device for  sjgnals, scan, convert and deliver appropriate data

signal analysis comprises (Fig. 1): package back to HMI with a strictly defined timing. On
Set of accelerometer inputs (2-8 channels; 100 the other hand, HMI should receive/display data from
mV/g) PLC and send back input parameters. The measurement
e Sophisticated touch screen HMI performs continually with frequent results refresh rate.
e NI cRIO specialized PLC The results are arranged in priority descending order.
e Signal conditioning system Additional options are accessible through HMI, such
e Signal acquisition system (0-6 current inputs as:
4-20 mA; 1-4 impulse digital inputs 0-5 V) (Fig. 2) [2]. e Peak tones of spectrum (FFT)

e  Time graph of signal trends
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e START UP/COAST DOWN measurements
e Insight balancing [3].

3. SOFTWARE DESCRIPTION

Device software component for vibration
monitoring and analysis was developed in LabVIEW
graphical environment. The main purpose of the
application is data acquisition, data processing and
interpretation. Data processing includes digital
filtering, order analysis phase tracking, time/frequent
domain analysis, ect. The most important achievement
in device performance is bidirectional communication
between cRIO and touch screen. Full synchronization
between Master device (T.S.) and device (cRIO) was
crucial for fluent operation, hence data acquisition and
data analysis are performed in a strictly determined
sequence.*

3.1 Functions and LabVIEW modules
Functions and modules for data management and

data analysis can be divided according to the sort of
operation:

e Numerical/dynamical/string data basic
processing

e Program course control

e  Hardware/software communication.

The application has hierarchical structure (Fig. 3).
User interface is in graphical environment and allows:
e Measurement process control
o  Signal parameters defining
e  Processed signal display.

NI cRIO controller has built-in real time operating
system which is adjusted for the operation under
industrial conditions. The controller provides increased
durability and reliability at high performance. The
device itself combines controller open architecture with
industrial 1/0 modules. Since cRIO controller contains
set of FPGA programmable input ports, part of the
application is conducted on a hardware level. Due to
this feature the wahole system can be used for security
purposes.
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Fig. 3. Block diagram

1. Signal conditioning / process start; 2. Data recall
from FPGA level; 3, 4. Signal multi-channeling, data
sorting, signal graphical review before/after FFT
analysis; 5, 6, 7, 8. Peak tones frequency detection /
amplitudes and locations are forwarded to
subprograms, for further processing; 9. Code for
process quality monitoring; 10. Establishing the
connection with touch panel; 11. Calculation of
amplitudes; 12. Displaying results on touch panel; 13,
14. Exit FPGA level, errors display, closing the
program; 15. Unbalance vector calculus program.

4. VIBRATION MEASUREMENT
INDUSTRIAL ENVIRONMENT

WITHIN

Experimental testing of the monitoring system was
mostly conducted under laboratory conditions on an
overhung rotor model. Comparison of the results,
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measured in accordance with ISO 10816 standard,
shows high compliance with Micro Mon, or Microlog.

Testing  within industrial environment was
performed on steam generators turbines (Block 1) at
TENT B Obrenovac under following conditions:

Measuring equipment: Micro Mon - Rotech and
Microlog CMVAG5 — SKF

Measured quantity: vibration acceleration

Derivate quantity: vibration velocity (RMS*)
Principal measuring axis: horizontal H; vertical V;
axial A.

Selected measuring points: L;-Lg (Fig. 4)

[ ] . I HL3 ~  LaHL5 L6[L7 (] m ]
u

Fig. 4. Measuring points deposition
(HP-turbine; MP-turbine; LP, ,-turbine; GEN-
generator; E-exciter; L;-Lg-bearing)



Evaluation of equipment was done according to 1SO
10816-2:1996 standard << Mechanical vibration —
Evaluation of machine vibration by measurements on
non-rotating parts» - Large land-based steam turbine

generator sets in excess of 50 MW [5], under the
“dynamic condition” criteria (Tab. 1)
Rated speed VRM‘i
(RPM) (mm/s) A
Quality 1500 3000 .
Zones RMS Overall
Velocity Level B
VRMS mm/s) 7.5
A/B 2.8 38 C
B/C 5.3 7.5 11.8
C/D 8.5 11.8 D

Table 1. Operating quality permissible limit according
to ISO (A- newly commissioned machines; B-
acceptable; C- acceptable for short term operation; D-
non acceptable)

Results of vibro severity measurement on block 1
are shown in (Tab. 2,3,4) (Microlog) and results
obtained with Micro Mon (Fig. 7,8.). Outcome of the
results comparison apparently shows that developed
measuring device Micro Mon meets the appropriate
standards.

Figures 5 and 6 clearly show elevated level of
vibration (peak) on Ls, on the basic frequency (50 Hz).
Micro Mon results (Fig. 7,8.) confirm that elevated
level of vibration exists on H and V axis on a basic
frequency (50 Hz). Further construction analysis
concluded that the cause of said vibration was a bad
alignment of LP turbine axis and MP turbine axis.

TURBIESKO POSTRIAEIE 00000708 L3 FOR

RMS (mm/s)
AXIS Ly L, Ls
Vrms | Vilni Vrws | Vil Vems | Vilni
H [18 [17x) [ 12 [081x) |42 | 41X
0,8(2x)
v |07 08 [06(1x) |45 | 45(1x)
A [ 10 [081x) |27 [26(1x) |16 | 1501x)
Table 2. Vibration at turbine bearings (Microlog)
RMS (mm/s)
AXIS [ Lg Ls Ls
Vems | Vilni Vems | Vilni Vems | Vilni
H [30 [291x) [32 |31(1x) |56 | 56(1x)
0,6(2x) 0,9(2x)
VvV [38 [37(1x) [ 35 [341x) |14 | 13(1x)
0,4(2x)
A [14 [101x) |05 52 | 51(1x)
0,8(2x)
Table 3. Vibration at turbine bearings (Microlog)
RMS (mm/s)
AXIS | Ly Le Lo
Vems | Vil Vems | Vil Vems | Vil
H |27 201x) | 1,0 [ 1,00lx) | 06
1,9(2x)
vV [30 [211x) [23 [13(1x) |14 | 09(1x)
2,2(2x) 1,9(2x) 1,0(2x)
A [ 20 [181x |27 12(1x) | 1,1
0,7(2x) 2,4(2x)

Table 4. Vibration at turbine bearings (Microlog)

Frequercy (47)

Fig. 6. FFT Spectral analysis (Microlog) (Ls/V)

Report on machine diagnosis  Report 1

14.06.2010. 13:15:24

Fig. 7. Vibration at L3, H axis

[nr.] Tag Value [mms] FFT data HOR1

1. HoR1 3.60 =[(1) W v[mm/s]

2.| vert 450 [ 1 |50 3.6

3 [2]100 0.8

s S 1200 01

5 [4|373 |00

6 5378 100 HARD

7 [6 382 0.0 COPY|
5 (7]550 [0.0 |CLOSE
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Report on machine diagnosis  Report 1
14.06.2010. 13:15:15

nr. Tag Value [mm/s] FFT data VER1

1.| Hort 3.60 fHzl | vimmis]

2. VER1 4.50 |::>[ 150 4.5

3 [2]100 |05

4 [ ]167 0.1

5 [+ 186 [0.1

6 (s [201 |01 HARD
7 [6 251 0.1 COPY‘
g [7]400 |0.0 |CLOSE

Fig. 8. Vibration at L3, V axis

Based on the total measurement, the conclusion is
that the block 1 vibration level is within the permissible
level. On bearings L1, L2, L4, L5, L7, L8, L9 the level
of vibration was within the SO standard
recommendation.

On L3 and L6 higher level of vibration was
detected. L6 — on H and A axis. Primary cause: bad
alignment of LP turbine axis and GEN turbine.
Secondary cause: residual vibrations.

5. CONCLUSION

Based on the research exhibited in this paper,
laboratory and industrial testing, a “real-time” portable
vibro-diagnostic device was developed. Measurement
device was verified in the real industrial conditions on
turbine block.

Results were in accordance with the results obtained
by SKF Microlog CMVA device, and this is an
excellent indicator that the developed device is
competitive on the market.
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PROGNOSIS OF RELIABILITY AND MEAN TIME TO FAILURE OF CUTTING TOOL
IN FUNCTION OF CUTTING CONDITION OF ELEMENTS IN TURNING

Abstract: The existing relation between cutting conditions parameters oftenest was based on deterministic approach.
As the cutting process is a typical scholastic one, recent literature contains an approach from the probability aspect.
In order to establish specific connections and relations, and to analyze cutting tool failures and cutting conditions

based on probability approach double-parameter Weibull distribution function was used in this paper.
Key words: reliability, distribution function parameters, mean time to failure

1. INTRODUCTION

In contemporary production circumstances the issue of
choosing optimal cutting conditions is a significant task
related to the choice of optimal variant of cutting.
Developed mathematical models for their calculations
require reliable data on cutting abilities. As it is known
they can be obtained from the following: 1. Laboratory
investigation when strict, controlled conditions
referring to the processed item and the tool as well as
other conditions are maintained; and 2. Monitoring of
tools in production circumstances.

Investigation on the cutting speed — tool life relation in
laboratory conditions indicates that for the same
conditions during cutting significant tool life
dissipation is obtained as a consequence of uneven
tribology conditions in cutting. Therefore, preliminary
investigations are usually conducted with a larger
number of tools during which tools with extreme tool
life values are eliminated, while others are
systematically tested. From the probability aspect it can
be concluded that such a choice of representative tools
for the testing of tool life function has no grounds and
justification.

By gathering data on tool failures of all kinds in
production circumstances, a very massive dissipation
can be noticed due to less controlled conditions
referring above all to the processed item and the tool
but also to other conditions accompanying the process.
Besides, in real processing conditions tool failures are
not just caused by tribology phenomena in the cutting
zone, but by other random disturbances as well.
Accordingly, it is necessary to differ the notion of tool
life from operating time without failure in tools, and
both notions need more precise definitions, considering
that cutting is a typical stochastic process. For instance,
for tool life it can be said it is the mean time of
effective cutting till blunting defined by a competent
wearing criterion occurs, while operating time without
failure in production circumstances is the mean time of
effective cutting tool failure. Hence, it can be
concluded that the mean operating time without failure
is shorter than tool life. To make a difference between
the two notions is very important, considering the first

refers to tribology characteristics of materials of both
the item and the tool, while other conditions are
constant, and the second refers to other random
disturbances that follow real production circumstances.
Depending on the size of series being processed, the
number of registered values of tool failures can vary. If
the number of registered values is N>50, it is a
representative sample, but if N<50, than it is not any
more. In both these cases corresponding data
processing methodologies should be applied, which
enable determining of failure distribution, reliability,
frequency and intensity of durability or failure, and
mean values of durability or operating time without
failure in tools [1, 3, 4, 5].

2. CUTTING TOOL RELIABILITY

The reliability of cutting tool is most commonly
defined by means of the following basic characteristics:
e The reliability function (the probability in
between time failure),
e The probability distribution function of time
failure,
e Frequency of time failure,
e Failure intensity.
According to those given definitions, it is easy to
prove, that if one of the four characteristics is known,
one can determine the other three characteristics.
If we observe N tools and if we consider N(?) as a
number of available tool ready for processing, and n(t)
the number of tool in failure after time ¢, we have all
relevant parameters for computing reliability using the
following formula

R(t) = N(t)/N = (N - n(t))/N ()

The probability of failure is a complement of reliability
function

F@)=I1-p(t)=1-N(t)/N=1—(N-n(1))/N=n(t)/N (2)
The frequency failure is defined as a function as
follows

1) = An/N 3)

where An presents the number of tool failures in time
interval Az. We next define failure intensity as
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A1) = An/(N—n(1) = fl)ip()  (4)
An additional characteristics is important and the
author introduced the term mean time to failure
b —tima
2 _ E?:lim Eim
N hy (5)

where 7, is a time at beginning, and ¢ is a time at the
end of i-th interval, and further ¢, middle time in such
time interval.

'm= iy dn

The most frequent distribution assigned to cutting tool
for practical purposes is Weibull distribution in
following forms

Ft)=1-exp (t/)’ (©6)

determining as follow.
After double logarithming (6) we obtain

Imn[1/(1-F@)] =Bint- finny

Designing by

y=[1/1-F@1)] (7
and

x=lInt ()

we obtain linear equation

y=px-piny )
with slope angle 3 and intercept b=/ Inn

Therefore the determination of Weibull’s distribution
function parameters can be carried out by the
determination of slope angle £ and intercept b=4 Inn
in the grid defined by equation (7) (Weibull’s
probability paper).

Starting from the liner equation
y=ax+b Ch)
and using the least square method gives:
(Z A )in (10)

where A; is the error of the i-th observation. From the
condition of minimum, the normal equations are

S v) - aS(x)’ - bx; =0

2yi-aXx; -Nb=0 (11)
and consequently
Aja+ Bib=C, 11’
Asa + Bb =C,
Where
A =2x); A,=2;=B
B;=N; G =XZ(xiyi); C=2Zy;

the solutions for the above system are
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C] Bl
D, |C, B, CB,-GCB,
““D 714, B| 4B, - 4,8,
A2 BZ
A] Cl
b:&_ AZ CZ :AICZ_AZCI
D |4, B| AB, - 4,B,
4, B, (12)

The constants A4;,...,C, can be found in the appropriate
tables. The constants a and b are determined by
substitution

B =a
and
n = exp(b/f) (13)
The correlation coefficient is
r=a(,/o,) (14)

where the variance of x-value
o’ =(I/N) %/ - x> = A)/B, - (A/B,)* (15)
and variance of y-value
o =(I/N) 3y’ -y =E/B, - (C,/B,)’, E = 3; (16)
The average of x-values

x = (1/N) 2x; = A,/B, = B/B, a7
and average of y-values

y = (1/N) 2y; = Cy/B, (18)

Corresponding substitution for correlation coefficient
gives

1
st [ 9]
A4-B,—4,-B ||B, \B) [|B, \B
1 2 2 1 2 1 2 1 (19)
If the correlation coefficient is near one, the correlation
between variables is stronger.

The distribution function parameters can be done by
pure graphical method. The slope on the line defined
coefficient of shape £ on scale. The value of the
parameter of scale 7 can be directly determined from
the probability paper given in the logarithmic scale,
drawing a vertical line in the intersection point of the
approximate straight line and median for which is /n
In [1/(1-F(¢)] = 0 which corresponding F(¢) = 0,632.

When the distribution function of failure is known, the
reliability as a complement is

R) =1-F@t) =exp [- (t/7)’ (20)

frequence

(1) = dR@) /dt =B A /)Y expl-@/m) (21)

density of failures



M) = f10) /R() = BAn(e/m))!

The mean time to failures Tm, on the basis of
distribution function parameters, via 7/  (gamma)
functions is

(22)

T,=nI(l/+1) (23)

Hypothesis testing can be performed by confidence
interval borders using da- test of Kolmogorov-
Smirnov, dependent of size sample N and adopted
value of risk o

N<50 = da=12388q""7" N0 (24)
and
N> 50 = da = ],6540[0'138]\1'05 25)

In continue, data processing, for all three variants,
dependent of sample size, will be presented.

3. EXPERIMENTAL INVESTIGATION

In order to determine changes in failure distribution
parameters for cutting tools in turning in real
production during different cutting conditions, tools
failures were monitored for the following turning
operations: exterior, longitudinal, and initial-final, in
processing the stubline of “Perkins” engine, while
varying 25 different cutting conditions (5 different
cutting speeds v and 5 different feeds s, in combination
each with each, depth of cut =0.5mm). The material of
the item was SL.25 (JUS C J2.020), hardness 98.5-
106.5 HRb that is 230-280 HB, centrifugal casting.
Over 500 experiments were conducted on the universal
lathe made by the Moscow Institute for Tool Machines,
type 16K20. As a tool was used the nonstandard cutter
with the following cutting geometry: rake angle y = 5°,
clearance angle o = 5°, nous radius r = 8mm, angle of
inclination of the cutting edge 4 = 4°.

Table T.1 Estimated values of parameters f and n

(n, revimin) (160) (200) (250) (315) (400)
v, m/min 47,226 59,03 73.79 92,98 118,06
1 2 3 4 5
0.8 [ 3,0 31 33 29 3,65
n 600 320 158 70 38
6 7 8 9 10
1.0 [ 3,28 3,07 2,48 32 3,65
n 290 132 65 318 14
11 12 13 14 15
s, 1.2 B 272 2,76 2,72 2,75 1,6
mm/rev n 170 80 37,5 19 8
16 17 18 19 20
1.4 B 2,91 3,0 3,0 3,02 1,9
n 118 57 28 12,5 55
21 22 23 24 25
1.6 B 3,54 32 1,62 2,01 14
n 89 40 17 8 3.5

For every single combination of cutting conditions
the repeated failure monitoring was carried out with
new tools (N=20), which enabled through the graph-
analytical data processing to determine parameters of
shape £ and position 7 in Weibull double-parameter
distribution function [1, 3, 4, 5]:

F() =1-exp(t/n) (6)

Table T.2 Values of mean time to failure Tm for various
cutting conditions

n, (160) | (200) | (250) | (315) | (400)
rev/imin
v, 47,226 | 59,03 | 73,79 | 9298 | 118,06
m/min
0,8 535,8 488 | 14173 | 6244 | 34276
1,0 260,13 | 319 | 57655 | 2846 | 12625
5, 12 151,83 | 71,21 | 33,33 | 1691 | 7,168
mmirev | 14 10526 | 50,90 25 1116 | 4,880
16 80,1 35,8 15,23 7,09 3,190
According which reliability is
R() =1~ F(t) = exp(t/y)’ (26)

And mean operating time without failure
T, =nl(1/p+1) (25)

As seen from Tables 7./ and 7.2, for each individual
cutting condition, values of the shape parameter are

248 <p <3065
and position parameter values are
3.5 <n<600

The processing of the experimental data means the
determining of the following two pairs of relations:

p=1fi(v) ; s=const 27)
and

B =fas) ; v=const. (28)
n=e@;(v) ; s=const (29)
and

n=@ys) ; v=const (30)
The first pair is required in the linear form
p=a+bv ; s=const 3D
and

p=c+ds ; v=const (32)

Through data processing the constants are obtained

a=03788+2.573s (33)
b=10.0463 - 0.0459 s (34)
and

c=0,3788 + 0,0465 v (35)
d=2573-0,0459 v (36)

Through the analogue procedure the values of
constants ¢ and d were obtained. By substitutions of
constants a and b, in first, and ¢ and d, in second,
previously terms, the identical equation for shape
parameter as expected.
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B=-0.04595v + 0.0465v + 2.573 5 + 0.3788 (37)

The second pair of relations was found in the
exponential form, too.

And further the relation for the parameter of shape

n=CV , s=const (38)
and
n=Ds" ; v=-const (39)

Constant C changes in waves so it is not convenient
for further processing, and D is looked for in the
exponential form, while exponent y is represented by
the linear relation:

D = 80.866 - 106 v>**"7
(40)

y =-2.683—0.0094 v
41

Hence, the position parameter is

n= 80.866 - ]06 v—3A2407 S—2A683—l)‘0()94v (42)

Through analogy it is obtained, when D = f;(s) for v
= const., and y = f5(s) for v = const.

n=78289 10° 0565 0498527 (43)

By comparing the derived expressions, based on
probability, we can say that they point to the
complexity and delicacy of data usage by solving
determining problems, when the introduction of the
reliability as the element provides greater safety.

Substituting  values of distribution function
parameters (37), (42) or (43) in equations (20) and (23)
we have

R@) =1-F(1) = exp [- (t/7)’ (20)
and mean time to failure
T,=nl{/+1) (23)

numerical values for R and T,, can be determined in
function of time

4. CONCLUSION

On the basis of what has been stated earlier, the
following can be concluded:

e by studying a set of diagrams for parameters of
shape S the second order function can be used,

e for position parameter #, two equal equations in
exponential form can be used,

e numerical values for reliability and mean time to
failure, for previously adopted cutting conditions,
can be prognosed, and

e derived relations can be useful in solving various
practical turning operations.
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COST EFFECTIVENESS T OF PRESSURE REGULATION ON RETURN STROKE OF
PNEUMATIC ACTUATORS

Abstract: Decreasing working pressure leads to overall energy consumption. In this paper, the focus will be on the
pressure reduction at the point of use, particularly on the double acting cylinder in retracting stroke without load
with pressure reduction. Three cases were examined. For each special case, certain pneumatic equipment was

added in the pneumatic circuit.

Key words: cost effectiveness, pneumatic, cylinder, pressure regulation

1. INTRODUCTION

Good quality and reliability of operation of
compressed air systems are accomplished with good
system management [1], [2]. There are significant
issues that influence the overall increase in energy
efficiency of the compressed air systems, which are
explained in greater detail in [3], [4].

The following technical measures have been
identified that can improve the functioning of the entire
process chain of a compressed air system [4]:

« improvement of compressed air preparation:
reduction of pressure and energy lost in processes
of drying and filtering; optimization of filtering and
drying as a function of consumer needs [5],

« overall system design, including the systems with
multiple pressure levels,

« reduction of pressure losses due to friction in the
pipelines and tubes,

« air leakage reduction, [6]

« reduction of operation pressure [3],

« optimization of certain devices that consume
compressed air: application of more efficient, better
adjusted devices or, in some cases, replacement of
compressed air with an electrical drive,

« recycling of used compressed air [7], [8], [9], etc.
Judging by the findings of numerous studies, the

measures stated can increase energy efficiency of the
pneumatic systems and all of them can be returned
(with the most frequent period for ROI of less than 3
years) [3].

In this paper, we will focus on the pressure
reduction at the point of use, particularly on the two
cylinders, with different diameters and strokes.

1.1 Reduction of operating pressure

It is reasonable to operate compressed air systems at
the lowest functional pressure that meets production
requirements [3]. Higher pressures increase leakage,
and thereby the energy. In many compressed air
systems, increase of operating pressure is used to
compensate for the lack of capacity due to leakage.
However, higher the pressure, higher the leakage, while

the unregulated consumers use more compressed air,
and thus more energy. Applications requiring
compressed air should be checked for any excessive
pressure and any duration longer than necessary. They
should be regulated, either by production line
sectioning or by pressure regulators on the equipment
itself [10]. Tools that do not require operating at system
pressure should use a lower pressure delivered by some
way of pressure reduction. Case studies show an
average payback period for reducing pressure to the
minimum required for compressed air applications of
about 3 months [3].

Each one bar of the pressure increase is followed by
an increase in electrical energy consumption required
to compress the air in a range between 5% and 8% or,
the standard rule of thumb is that reducing pressure
settings by 13 kPa will reduce energy consumption by
1% [10, 11].

2. PRESSURE REDUCTION IN RETRACTING
STROKE WITHOUT LOAD

Decreasing the supply pressure in retracting stroke
enables decreasing of compressed air consumption, but
only in cases if retracting stroke is not under load.
Pressure reduction in stroke without load is possible to
achieve on different ways. In this paper, three possible
cases are analysed:

+ with pressure regulator and non return valve in by
pass line (Fig. 1a),

« with pressure regulator and quick exhaust valve (Fig.
1b) and

- with reversible control valve and pressure regulator
(Fig. 1c).

Pressure reduction should not be high because it can
cause significant decreasing of force and the speed of
piston movement.

In this paper is encompassed measurement of
compressed air consumption of double acting cylinder
FESTO DSNU-20-50 in retracting stroke without load
with pressure reduction. Three cases were examined.
For each special case certain pneumatic equipment was
added in the pneumatic circuit.
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Fig. 1. Pneumatic circuits a) with pressure regulator and non return valve in by pass line, b) with pressure regulator
and quick exhaust valve, c) with reversible control valve and pressure regulator

3. EXPERIMENTAL RESULTS

3.1Case |

First experiment encompassed determination of
compressed air consumption in retracting stroke of
cylinder, without any load. Pressure regulator FESTO
LRMA was used for decreasing the pressure for piston
rod chamber of cylinder. Measurement included
compressed air consumption for 100 working cycles
and different pressure levels. At the beginning pressure
levels was 6 bar. Than pressure was reduced by 1 bar,
up to the value of 3 bar. Monostable, electrically
actuated valve was used for cylinder control. Pneumatic
circuit with pressure regulator is shown in Fig. 1a.

Obtained results are presented in Table 1.

Obtained results are presented in Table 2.

100 working cycles
DSNU-20-50 compressed air savings [%]
LRMA consumption relative to cumulative
QIll previous comparing to
pressure level 6 bar pressure
6 bar 26.93 0 0
5 bar 22.57 4.0 4.0
4 bar 19.17 7.2 10.9
3 bar 16.10 6.8 17.1

Table 1. Compressed air consumption for different
pressure levels in retracting stroke without
load, with pressure regulator (LRMA)

3.2Case Il

In the second experiment, the pressure in the
retracting stroke of the cylinder was decreased using
pressure regulator FESTO LR. Quick exhaust valve
FESTO SEU is positioned after the pressure regulator.
Measurement included compressed air consumption for
100 working cycles and different pressure levels. At the
beginning pressure levels was 6 bar. Than pressure was
reduced by 1 bar, up to the value of 3 bar. Monostable,
electrically actuated valve was used for cylinder
control. Pneumatic circuit with pressure regulator and
quick exhaust valve is presented in Fig 1b.
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100 working cycles
DSNU-20-50 compressed air savings [%]
LR/SEU consumption relative to cumulative
QI previous comparing to
pressure level 6 bar pressure
6 bar 26.93 0 0
5 bar 22.57 34 34
4 bar 19.17 7.5 10.7
3 bar 16.10 4.6 14.9
Table 2. Compressed air consumption for different

pressure levels in retracting stroke  without
load, with pressure regulator and  quick
exhaust valve (LR+SEU)

3.3Case Il

In the third case, bistable, reversible valve FESTO
JMFH-5-1/8-S-B was used for cylinder control and the
pressure regulator FESTO LR was used for decreasing
the pressure. Measurement included compressed air
consumption for 100 working cycles and different
pressure levels. At the beginning pressure levels was 6
bar. Than pressure was reduced by 1 bar, up to the
value of 3 bar. Pneumatic circuit with reversible control
valve and pressure regulator is presented in Fig. 1c.

Obtained results are presented in Table 3.

100 working cycles
1 0,
DSNU-20-50 compressed air _ savings [%] _
LR+JMFH consumption relative to cumulative
Qm previous comparing to
pressure level | 6 bar pressure
6 bar 26.93 0 0
5 bar 22.57 3.8 3.4
4 bar 19.17 72 10.7
3 bar 16.10 11.8 214
Table 3. Compressed air consumption for different
pressure levels in retracting  stroke  without
load, with pressure regulator and  reversible

valve (LR+JMFH)




4. COST EFFECTIVENESS OF PRESSURE
REDUCTION IN RETRACTING STROKE
WITHOUT LOAD

According to the obtained results and compressed
air savings as a function of pressure level on the
pneumatic cylinder, presented in [12], the following
results can be proposed.

Cost effectiveness of previously described pressure
reduction in retracting stroke without load for three
different cases are presented in Table 4.

On the contrary, installation of devices: 1) pressure
regulator LRMA; 2) quick exhaust valve SEU and 3)

pressure regulator LR and reversible valve JMFH-5-
1/8-S-B, on the retracting stroke without load, for
reduction in compressed air consumption is economical
for the cylinders with large diameter and stroke,
because the return of investment us very short, Table 5.

Based on the previous analysis we can conclude
that installation of devices: 1) pressure regulator
LRMA; 2) quick exhaust valve SEU and 3) pressure
regulator LR and reversible valve JMFH-5-1/8-S-B, on
the retracting stroke without load, for pressure
reduction in compressed air consumption is not
economical for the cylinders with small diameter and
stroke.

LRMA [ LR+ SEU [ LR +IMFH
price of 1 m®of compressed air 0.02€
compressed air consumption per cycle for supply pressure of 6 bar 0.29 l/cycle 0.26 l/icycle 0.24 l/cycle
compressed air consumption per cycle for supply pressure of 2 bar 0.22 l/cycle 0.22 l/cycle 0.18 l/cycle
number of working cycles per minute 6 cycle/min
effective capacity per annum 180,000 min/year
number of cycles per year 1,080,000 cycle/year

compressed air consumption per annum for supply pressure of 6 bar 313.20 m3/year 280.80 m*/ year 259.20 m¥/ year
compressed air consumption per annum for supply pressure of 2 bar 237.60 m3/year 237.60 m*/ year 194.40 m% year
difference in compressed air consumption per annum for 2 and 6 bar pressure | 75.60 m®/year 43.20 m% year 64.8 m*/ year
the price of saved compressed air per annum 1.51€/ year 0.86€/ year 1.29 €/ year

the price of pressure regulator LR 35€ 68€ 40€

return on investment 23.17 years 79.06 years 31.00 years

Table 4. Cost effectiveness of pressure reduction in retracting stroke without load with different devices for cylinder
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Fig. 2. Savings of compressed air consumption as a function of different pressure level in retracting stroke without

load, with different devices

LRMA | LR+SEU [ LR+ IMFH
price of 1 m®of compressed air 0.02€
compressed air consumption for supply pressure of 6 bar per cycle 125 lfcycle 125 lfcycle 125 I/cycle
percents of savings by decreasing pressure in retracting stroke for supply 23 % 21 % 28 %
pressure of 2 bar
compressed air consumption per cycle for supply pressure of 2 bar 96,25 l/cycle 98,75 l/cycle 90 l/cycle
number of working cycles per minute 6 cycle/min
effective capacity per annum 180,000 min/year
number of cycles per year 1,080,000 cycle/year

compressed air consumption with retracting stroke per annum for supply
pressure of 6 bar

135,000.00 m®¥/year

135,000.00 m®/year

135,000.00 m®/year

compressed air consumption with retracting stroke per annum for supply
pressure of 2 bar

103,950.00 m®/year

106,650.00 m®/year

97,200.00 m*/year

difference in compressed air consumption per annum for 2 and 6 bar

31,050.00 m*/year 28,350.00 m*/year 37,800.00 m*/year
pressure
the price of saved compressed air per annum 621 € 567 € 756 €
the price of pressure regulator LR 52.5€ 144 € 63 €
return on investment 30.8 days 92 days 30.4 days

Table 5. Cost effectiveness of pressure reduction in retracting stroke without load with different devices for cylinder

DSNU-125-100
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5. FINAL REMARKS

Decreasing of working pressure is one of the most
effective methods for decreasing compressed air
consumption and increasing energy efficiency of entire
compressed air systems. However, it should be very
careful with decreasing supply pressure, because too
low pressure can disable the proper functioning and the
aim of the system and process. Decreasing supply
pressure on pneumatic cylinder is possible only if the
chosen cylinder is bigger than needed.

Based on the measurements of compressed air
consumption and cost effectiveness analysis presented
in this paper, it could be concluded that decreasing
supply pressure in retracting stroke of the cylinder
without load is not so profitable for cylinders with
small diameter and stroke, but for cylinders with big
diameters and/or strokes, the return on investment
period is very short.
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INVESTIGATION OF GAUSSIAN AND 2RC FILTRATION IN SURFACE
ROUGHNESS MEASUREMENT FROM THE STANDPOINT OF AMBIGUITIES IN
STANDARDS. PART Il - EXPERIMENTAL ANALYSIS

Abstract: Disadvantages and limitations of Gaussian filter are analyzed as well as possible effects upon determining
roughness profile on periodic and non-periodic etalon surfaces. Mean lines and roughness profiles from real etalon
surfaces are determined by applying software Matlab (R2009b). Differences between roughness profile obtained by
using Gaussian filter and roughness profile obtained by using 2RC filter are indicated for reviewed real surfaces.
New techniques for filtering are noted in the field of surface metrology, developed for overcoming limitations that

outcome from usage of Gaussian and 2RC filters.

Key words: Software filtration, Profile filter, Gaussian filter, 2RC filter, Eetalon surface

1. INTRODUCTION

In literature [1,2,3], analysis is mostly performed on
filtration and effects of disadvantages and limitations of
Gaussian and 2RC filter for primary profiles with forms
presented in Fig. 3 and 5 from Part I. It is obvious that
waviness and form have high participation in the
configuration of primary profiles presented on Fig. 3
and 5 (from Part I). It is clear that for such profile
forms disadvantages and limitations of Gaussian and
2RC filter will be strongly expressed and changes from
them upon roughness profile visually evident.

A need is enforced for determining these effects on
primary profiles obtained by measuring real surfaces
where waviness and form are not expressed in high
extent. The justification for determining these effects
comes also from the fact that against 1SO 3274:1996
[4] when using contact (stylus) profilometers, which
have a pick-up with skid, only roughness profile and
partially waviness could be obtained because the skid
has already done mechanical filtration with which
waviness and form are rejected from measured profile.
This means that profiles with forms presented in Fig. 3
and 5 (from Part I) cannot be obtained when applying
contact profilometers with skid.

2. DETERMINING FILTER MEAN LINES AND
ROUGHNESS PROFILES BY APPLYING
MATLAB (R2009B)

For realization of this research real etalon periodic
and  non-periodic  surfaces  were  measured.
Measurements were performed on these surfaces using
stylus profilometer Surtronic 3+, while as coordinates
of points, with which primary profiles are described,
are obtained by means of software TalyProfile, Version
3.1.4. The vertical resolution of stylus profilometer
Surtronic 3+ is 10 nm, while as the horizontal
resolution is 0,5 or 1 pum depending of evaluation
lengths. A pick-up TYPE 112-2672 (DCN 001) with
stylus radius of 2 pumand skid radius of 8.7 mm was

used.

Software TalyProfile is professional commercial
software of closed type where user does not have
possibility for detection, correction or reviews of
equations against which calculations are done.
Recommendations of ISO standards are implemented in
it, against which when applying Gaussian and 2RC
filter, roughness profile is shorter in length for A i.e.

2\ in terms of primary profile. Therefore it is not

possible to use it for determining roughness or
waviness profile, which will have length equal to
primary profile. Other limitation comes from the point
that TalyProfile is not able to provide a view of filter
mean lines obtained by applying profile filters but only
of waviness profile, which is not the same. Significant
disadvantage of TalyProfile could be also considered
that when calculating roughness parameters an
automatic filtration is performed by means of Gaussian
filter without taking into account whether measured
profile is obtained with a profilometer with or without a
skid.
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Fig. 1. Primary profile, filter mean lines and roughness
profiles obtained from periodic surface - machining
with turning, with Ra=0.2 um
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Simulation of filtration process by means of
Gaussian and 2RC profile filters and obtaining filter
mean lines and roughness profile in these researches is
done by applying software package Matlab (R2009b).
Equations (1) and (3) (from Part 1) for weighting
functions of Gaussian and 2RC filters are used for
obtaining filter mean lines. Primary profiles, filter
mean lines and roughness profiles obtained from
periodic and non-periodic real etalon surface are
presented further below.
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Fig. 2. Primary profile, filter mean lines and roughness
profiles obtained from periodic surface - machining
with turning, with Ra=0.8 um
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3. ANALYSIS OF EFFECTS OF PROFILE
FILTERS’ CHARACTERISTICS UPON
OBTAINED ROUGHNESS PROFILES

For the purpose of obtaining profiles with various
forms and characteristics, many etalon surface
representatives of one same machining with various Ra
are included in the analysis. In Fig. 1, 2 and 3 primary
profiles, filter mean lines determined with Gaussian
and 2RC profile filter and roughness profiles for
periodic surfaces, representatives of machining with
turning with various values of Ra are presented.
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For obtaining filter mean line with lengths equal to
the measured profile, the measured profile is extended
to a length of A, (2X.) in two (one) sides of profile

with zero values against z axis, according to one of
recommendation in ISO/TS 16610-28:2010 [5].

It could be seen from the form of obtained filter
mean lines that filter mean line obtained with 2RC
filter is more sensitive on valleys and peaks than the
mean line obtained with Gaussian profile filter. This is
more expressed by increase of Ra value i.e. by
reduction of the number of valleys and peaks within
same profile length. Same conclusion could be reached
for the phase distortion of filter mean line determined
with the 2RC profile filter. It could be clearly seen on
Fig. 3 that mean line determined with 2RC profile
filter has phase distortion in terms of primary profile. In
Part | of this paper was concluded that the mutual
disadvantage of filter mean lines obtained by Gaussian
and 2RC profile filters is distortion of profile ends. It
can be concluded from Fig. 1, 2 and 3 that this
occurrence is mostly expressed in cases when waviness
participates in primary profile, Fig. 1. On profiles on
Fig. 2 and 3 profile ends are not distorted and in such
cases profile shortening in terms of primary profile is
not necessary. The comparison of roughness profiles
obtained by usage of Gaussian and 2RC profile filters
clearly indicates that large coinciding of profile forms
exists. Largest deviation is noticed on Fig. 3 where the
effect of phase distortion of 2RC profile filter starts to

be prominent. This phase distortion is continuous
against whole profile length since a periodic profile is
in question. A height distortion of one roughness
profile in terms of other could be also noticed on the
same figure. The reason for such occurrence is higher
sensitivity of 2RC profile filter on valleys and peaks in
terms of Gaussian profile filter. Such condition of
height distortion can mostly affect the position of
profile mean line out of which roughness parameters
are expressed, while as largest changes on parameters
can be expected on Rp, Rv and RSm.

Profile presented in Fig. 4 is obtained with real
etalon surface representative of machining with
milling. It has periodic characteristic against whole
length with expressed high peaks and rounded valleys.
Since waviness is not present in primary profile, effects
of distortions on ends of filter mean lines obtained with
Gaussian and 2RC profile filters are completely
excluded. Phase distortion and high sensitivity of 2RC
filter on valleys and peaks has highest effect, which can
be seen from the mutual comparison of roughness
profiles in Fig. 4.

Non-periodic  primary profiles obtained by
measuring real etalon surfaces-representatives of
machining with grinding with various values of Ra are
presented in Fig. 5, 6 and 7. The fact that the form of
these profiles is non-periodic against whole profile
length permits to see and conclude that the
disadvantages of Gaussian and 2RC profile filters will
be differently expressed against profile length. Primary
profile in Fig. 5 characterizes with small presence of
waviness and expressed individual valleys.

Due to waviness absence and the position at start
and end of primary profile around zero value per z-axis,
distortions of filter mean lines at profile ends will not
have much effect therefore shortening of roughness
profile in terms of primary profile is not of significant
importance. Here, the high sensitivity of 2RC profile
filter on individual valleys of primary profile, detail A,
Fig. 5, has to be underlined, which results in pulled
down of filter mean line from mean part of primary
profile towards the valley. This pulled down of mean
line later on causes the distortion of roughness profile
in valley proximity and creation of artificial features of
roughness profile, detail B, Fig. 5. It can be seen on
same Fig. that distortion in valley proximity is going to
occur also when using Gaussian profile filter, however
will be smaller because filter mean line does not have
phase dislocation in terms of primary profile i.e. valley.
Comparison of roughness profiles obtained by using
Gaussian and 2RC profile filters indicates that there are
segments of profiles wherein they overlap and
segments wherein they significantly differ. Roughness
profile obtained by Gaussian profile filter is already
“smooth” in terms of zero value per z-axis. Differences
of profile forms in some segments contribute to various
location of the mean line with which roughness
parameters are determined.

Presence of waviness and distortion of primary
profile start in terms of zero value per z-axis can be
noticed on the profile in Fig. 6. Therefore, distortions
of filter mean lines at profile start will be expressed,
especially the 2RC filter mean line. In this case,
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removing part of roughness profile start is fully
justified. Phase distortion of 2RC filter mean line in
this case does not have significant effect. Highest
discrepancy of roughness profiles is in Detail D as a
result of height distortion of 2RC filter mean line in
terms of Gaussian one, Detail C. This distortion is a
result of the form of the weighting function,
symmetrical at Gaussian and non-symmetrical at 2RC
profile filter. Expressed waviness per whole length of
primary profile is present on profile presented in Fig. 7.
In such case the effect of Gaussian and 2RC profile
filters’ disadvantages is obvious. Distortion on 2RC
filter mean line start is extremely expressed. Still, the
phase distortion of 2RC filter mean line has crucial role
in the discrepancy of roughness profiles against their
whole length. Here it can be also noted that roughness
profile obtained with Gaussian profile filter is more
“smooth” in terms of zero value per z-axis.

Roughness profiles, representatives of machining
with lapping, are characterized with deep valleys, Fig.
8 and 9. For such primary profile forms, sensitivity of
filter mean lines of Gaussian and 2RC filters on deep
valleys and phase distortion of 2RC mean line are main
disadvantages that contribute to creation of artificial
features of roughness profile, excessively expressed on
detail E, Fig. 8.

Disadvantages of Gaussian and 2RC profile filters
and their unwanted effects upon roughness profile,
analyzed in upper examples, contribute to search for
alternative solutions and filtering techniques in surface
metrology. So against [1,2] new profile filters are
developed: Zero order Gaussian regression filter,
Second order Gaussian regression filter, Robust
Gaussian regression filter, Spline filter, Robust spline
(draft international Standard) filter, Rk (Gaussian)
filter, Rk (Spline) filter, Morphological, scale-space
filter and Wavelets filter.

Actuality of the software filtration process in
surface metrology is confirmed by activities undertaken
by the ISO (International Organization for
Standardization). So, the members of this technical
committee have issued a number of technical
specification (ISO/TS) that are directly related to the
filtration process. This includes all parts of the series of
ISO/TS 16610.

3.1. Filtration according to 1SO 13565-1:1996

Presence of deep individual valleys on non-periodic
profile, presented in Fig. 5, provides application of
filtration process according to 1SO 13565-1:1996 [6].
Primary profile with cut valleys below mean filter line
is shown in Fig. 10. Fig. 11 clearly indicates that
difference exists between filter mean line determined
with Gaussian filter and filter mean line determined
according to 1SO 13565-1:1996.

Therefore, roughness profiles determined with
Gaussian filter i.e. against 1SO 13565-1:1996 differ
significantly, Fig. 12. Largest differences between
roughnesses of profiles will occur around deep valleys,
details F, Fig. 12. Filtration process according to 1SO
13565-1:1996 provides obtaining of “smoothened”
roughness profiles in terms of zero value per z-axis.

Since roughness profiles, which do not coincide per
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their whole length, are in question, it can be concluded
that there are two fully new and various profiles with
various mean lines in terms of which roughness
parameters are expressed. In such cases a change can
be expected almost on all roughness parameters.
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Fig. 12. Roughness profile determined with Gaussian
profile filter and roughness profile determined with
filtration process according to 1SO 13565-1:1996

This indicates that filtration process according to
ISO 13565-1:1996 may provide a more realistic
roughness profile when waviness is less present,
however the large difference in roughness profile forms
imposes a dilemma whether the procedure should be
applied or not. Maybe the dilemma is larger since on
some professional software, as TalyProfile is, a
possibility for filtration against 1SO 13565-1:1996 is
not provided.

Mean line determined against recommendations in
ISO 13565-1:1996 is also called Rk (Gaussian) filter
mean line [1,2].

4. CONCLUSION

Through analyzed real periodic surfaces the belief
that filtration process has main and crucial role in
determining roughness profile form was verified. The
parallel determining of Gaussian and 2RC filter mean
lines for one same primary profile and their mutual
comparison provided following conclusions to be
reached.



Cutting start and end or only start of roughness
profile for values A i.e. 2i in terms of primary

profile is unjustified if a deterministic surface on
which waviness is not present is in question.
When waviness is not present, phase distortion of
filter mean line generated by means of 2RC
profile filter can have an affect only when
periodic profile characterizes with a smaller
number of valleys or peaks or when roughness
profile has higher value for RSm.

Sensitivity of filter mean lines obtained by using
Gaussian and 2RC profile filter on deep valleys
and peaks does not affect for periodic surfaces.
Only by increasing RSm value and using 2RC
profile filter can expect certain vertical distortions
of roughness profile.

Analysis of periodic real etalon surfaces
demonstrated that there is no significant
difference between roughness profiles obtained by
application of Gaussian and 2RC profile filter,
which justifies the usage of both filters.

The effect of cut-off size change i.e. filter size is
not included in the analysis. It is taken against
recommendations provided in International and
American standards.

Analysis of non-periodic profiles showed that
classification of surface as “non-periodic” is not
sufficient when determining effects of Gaussian
and 2RC profile filters.

It was indicated that if primary profile
characterizes with deep valleys then distortion of
filter mean line from profile core occurs when
using both filters. Additional deviation and
obtaining artificial feature of obtained roughness
profile will cause phase distortion of 2RC filter
mean line.

It was confirmed that roughness profile obtained
by filtration process according to 1SO 13565-
1:1996 differs per its whole length from
roughness profile obtained only by using
Gaussian filter.

Presence of waviness per whole length of primary
non-periodic profile provides underlining of all
disadvantages of Gaussian and 2RC profile filters.
Large deviations and creation of artificial features
on roughness profile occur when using 2RC
profile filter. Therefore, this analysis provides
conclusion that the application of Gaussian filter
when obtaining roughness profile from non-
periodic surface is justified.
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ANALYSIS OF ROLLER BEARINGS’ VIBRATION SIGNALS BY
HILBERT - HUANG TRANSFORM AS DIAGNOSTIC TOOL

Abstract: Roller bearings are important elements of high performance mechanical systems, as they support the
rotating parts and they reduce the contact friction. Therefore, it is necessary to continuously monitor their
performance using non-destructive diagnostic methods. These methods interrogate data signals acquired during the
machines operation. In this paper, the method of Hilbert — Huang transform was applied on non-stationary and
non-linear vibration signals obtained via accelerometers from a mechanical system which contains a shaft rotating
on Roller bearings. Two series of signals were used. The first series obtained from healthy bearings. The second
series, obtained from bearings with seeded defects. The experimental study and its results are presented, as well as

the conclusions drawn from the results.

Key words: Roller bearings, Hilbert Huang transform, vibration signal

1. INTRODUCTION

Non-destructive testing computational techniques
are widely used nowadays, since they are accurate, cost
and time efficient and usually easy to apply. Roller
bearings are important elements of high performance
mechanical systems, as they support the rotating parts
and they reduce the contact friction. Therefore, it is
necessary  to  continuously  monitoring  their
performance using non-destructive diagnostic methods.
It is obvious, that the method employed for time-
frequency analysis must be computationally efficient
and accurate in both time and frequency domains. The
Wavelet transform, a method widely used for time-
frequency analysis, is not suitable for the detection of
failures of Roller bearings, since the computational
time required for long data series is large, together with
the inherent restrictions of the method in non-periodic,
non-stationary signals [1]-[2]. Therefore, a modern
method, the Hilbert-Huang transform, was introduced
in this kind of problems with very promising
performance, providing computational versatility and
efficiency [18]-[19]. Consequently, it seems that the
HHT can prove a perfect tool for Roller bearing failure
detection.

The present paper, presents the application of the
HHT as a diagnostic tool method in the analysis of
Roller bearings’ vibration signals from sound and
defective samples [3]-[4]. The results prove the
suitability of HHT for the detection of the changes
occurring in dynamic systems such the evolution of
structural defects in a Roller bearing [15]-[16].

By implementing the EMD method and the Hilbert
transform to the envelope of the signal, the Hilbert
spectrum can be obtained. Thus, the defects on a Roller
bearing can be identified and failure patterns can be
detected [11]. Using the proposed method in real time
test bench analysis of vibration signals, together with a
library of standards of sound and defect Roller
bearings, can prove a versatile, economic and efficient

non-destructive technique. The results to be presented
show the superiority of the proposed method over the
traditional methods.

2. HILBERT HUANG TRANSFORM

During the operation of a Roller bearing with local
failures, a high-frequency impulse oscillation is
produced the range of which is evaluated by the
strength of the sampled pulses. The method of the
envelope analysis provides an important and effective
approach to failure analysis of high frequency impulse
signals. Therefore, it has been successfully applied to
fault diagnosis regarding Roller bearings [6]-[8]. In
order to achieve better implementation of the Hilbert
Transform, a combination of the envelope analysis
method with the Empirical Mode Decomposition
(EMD) into Intrinsic Mode Functions (IMF) and
Hilbert spectrum was created. The EMD method is
based on local characteristic time scales of a signal and
could decompose the complicated signal function in a
number of intrinsic mode functions (IMF) [7]. The
frequency components of each IMF depend both on
sampling frequency and on the signal itself. Moreover,
the corresponding Hilbert spectrum does not lead to
dissipation and leakage of energy. Therefore, the EMD
is a self-adaptive signal processing method that can be
seamlessly applied to non-linear and non-stationary
processes [12].

To extract the failure characteristics of the vibration
signal of defect Roller bearings, the proposed method
uses the following procedure: i) the failure vibration
signal of a bearing is decomposed through wavelet
packet transform in order to reduce the influence of low
frequency noise; ii) a signal envelope is obtained by
analyzing the wavelet coefficients of the high
frequency band using the Hilbert Transform; iii) the
IMFs are obtained applying the EMD in the signal
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envelope; iv) some special IMF are chosen to obtain
the Hilbert spectrum from which the faults in a Roller
bearing are diagnosed and failure patterns are
identified. The results from the analysis of vibration
signals obtained from a Roller bearing with a defect on
the inner or outer raceway show that the proposed
method is an excellent tool to define the failure
characteristics of Roller bearings.

2.1 Empirical Mode Decomposition

The EMD method is developed from the simple
assumption that any signal consists of different simple
intrinsic oscillation conditions [7]. Each linear or
nonlinear condition will have the same number of
extremes and zeros. There is only one extreme between
two successive zeros. Each situation should be
independent of the others. In this way, each signal
could be decomposed to a number of IMFs and each of
them must satisfy the following requirements:

(1) In the entire data set, the number of extremes and
zeros must be equal or differ at most by one

(2) At each point, the mean value of the envelope
defined by local maxima and the mean value of the
envelope defined by local minima is zero.

(3) If the signal does not have extremes but it has
points of inflection, then it can be integrated one or
more times in order to show the extremes.

So, one can achieve the decomposition of the signal

into n empirical statements and a residue r,, which is

the average trend of x(t). The IMFs ¢4, 5, ..., C, contain
different frequency bands ranging from high to low.

The frequency components contained in each frequency

band are different and change with the variation of the

signal x(t); while r, represents the central tendency of

signal x(t).

2.2 Hilbert Spectral Analysis

The HHT represents the analysed signal on a time —
frequency plane by combining Empirical Mode
Decomposition (EMD) with Hilbert transform [11]-
[17]. In contrast, the Fourier spectral analysis in which
a series of sine and cosine functions of constant
amplitude are used to represent each elementary
frequency component of the signal, the technique of
HHT is based on calculating the instantaneous
frequency derived from the Hilbert transform of the
signal. In general, the Hilbert Huang transform
HHTI[x(t)] for each signal x (t) is defined as

HHT (t,w) = YHHT, (t.w) = 38 (tw,) (13)

where, HHT;(t,w) represents the time - frequency
distribution obtained from the i-th IMF signal. The
symbol = denotes the "default”, and a;(t,®;) compares
the values of range o(t) and the values of the
instantaneous frequency w;(t) along the signal
simultaneously.

3. EXPERIMENTAL SETUP

The test-rig shown in figures 1a and 1b consisted
of a shaft rotating on two Roller bearings (NU 202)
driven by an electric motor controlled by an inverter for
rotational speeds adjustment. An accelerometer,
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mounted close to the bearings, was measuring the
developed accelerations. The data acquisition and the
subsequent signal processing were performed using
software developed on Matlab.

Fig. 1a. Experimental setup

MOTOR

ACCELEROMETER
SHAFT > SOUNDCARD (> LAPTOP
ADAPTOP

Fig. 1b. Diagram of the experimental setup

4. RESULTS

Each measurement made for each of the 17 Roller
bearings, lasted 180 sec. The sampling frequency was
chosen very high, 65536 Hz, so that very high
frequencies corresponding to transient phenomena, as
those investigated, could be identified; this sampling
rate gave a data set of 11796480 samples for each
measurement.

Due to the large amount of samples obtained in
each case and in order to achieve continuity, each
initial data series was split into 120, 50% overlapping
parts, each of 200000 samples, where the HHT was
implemented.

Figures 2a and 2b illustrate the time series of
measurements obtained from a sound and a defective
Roller bearing respectively.
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Fig. 2a. Time series of the healthy bearing
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Fig. 2b. Time series of the defective bearing

The time series analysis by means of the HHT
revealed strong differences between sound and
defective Roller bearings, both in the IMFs (figs 3a, 4a
and figs 3b, 4b, respectively) and in the corresponding
Hilbert spectra (figs 5a and 5b) [14]. In fact, a
comparative study between the relevant IMFs 1 to 5 of
the sound and defective bearings (these IMFs
correspond to the higher frequencies) reveals very
strong differences; these differences tend to fade as the
order of the IMF is getting higher i.e. as the frequency
is decreasing, something to expected, since defective
Roller bearings tend to produce higher frequency
signals compared to sound ones.
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5. CONCLUSION

As a time-frequency signal decomposition
technique, the HHT provides an effective tool for the
analysis of transient vibration signals. Experimental
studies on a custom test bench have shown that the
deterioration of a test Roller bearing can be effectively
detected through time-dependent amplitudes and
instantaneous frequencies resulting from the HHT.
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OVERVIEW OF STANDARDS AND GUIDELINES WHICH DEFINE EVALUATION
OF THE MEASUREMENT UNCERTAINTY IN MEASUREMENT OF FREEFORM
SHAPED PARTS AT CMM

Abstract: Industrial manufacturing makes extensive use of simple shapes for the production of goods, with many
products having a geometry that is a combination of planes, cylinders, spheres and other simple shapes. These parts
are fundamental for the functionality of most mechanical products and, in general, they are easier and less
expensive to manufacture than complex parts. However, in some applications they are not adequate, for instance
when the functionality of the part is given by an interaction with a fluid or a wave, as is the case of aerodynamics

and optics, for example.
Key words: Freeform, CMM, measurement uncertainty

1. INTRODUCTION

Freeform surfaces, sometimes called sculptured or
curved surfaces, may be classified as complex

geometrical features. According to ISO 17450-1 [3],
complex geometrical features have no invariance
degree. The invariance degree of a geometrical feature
is the displacement of the ideal feature for which the
feature is kept identical. Example of freeform shaped
part is shown in Fig. 1.

T

Fig. 1. Example of freeform shaped part

Freeform shaped parts are of great interest in many
applications, either for functional or aesthetical reasons.
Their relevance for industry is well-known in the
design and manufacturing of products having complex
functional surfaces. Functional surfaces may have a
great influence on the performances of a product.
Design, engineering and testing of parts having
functional surfaces are key activities for the
development of products with better performances [2].

Freeform shapes can be realized by many different
manufacturing processes, whose capabilities have been
improved for freeform geometry. For some demanding
applications, it is advantageous to measure the
workpiece during the production process; inprocess
metrology allows improvement of accuracy and a
reduction of machining time through the elimination of

repositioning and alignment operations. But for more
accurate measurement, measurement which is done
separated from production process has advantage.

2. SPECIFICATION OF FREEFORM SURFACES

As mentioned before, according to ISO 17450 [3]
freeform shaped parts have no invariance degree, which
means that geometrical feature cannot be displaced by
geometrical primitive such as plane, circle, sphere, etc.

2.1 Definition of nominal shape
Curves and surface geometry is the underlying

theory for the description of complex shapes.

Traditionally, curves and surfaces have been

represented by multiple orthographic projections.

Today, the nominal geometry of a freeform shape is

typically defined by a CAD model [2].

Freeform shapes are typically mathematically
described using parametric surface representations [4].
Commonly used parametric surfaces are Bézier, B-
spline and Non Uniform Rational B-spline (NURBS)
surfaces. Parametric equations have many advantages
over non-parametric forms, such as:

e they are much more convenient to define and
control the shape of a curve or a surface,

o their mathematical description is easy to express in
term of matrices and this allows the use of standard
computation subroutines,

e curves and surfaces descriptions are independent of
any coordinate system, therefore the choice of a
coordinate system does not affect the shape of
surfaces,

e they are convenient for computer graphics software
and hardware in terms of speed, since the
computation of offset curves and surfaces can be
simplified.

Modern CAD systems describe complex geometry
using NURBS that represent the industry standard for
geometry description in CAD and Computer Graphics
applications. NURBS surfaces are a generalization of
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Bézier and B-spline surfaces. They are widely used for
the representation of freeform surfaces due to their
interesting properties such as the ability to handle large
surface patches, local controllability and the ability to
represent also simple analytical shapes such as planes,
spheres, cylinders, cones, tori, etc. A NURBS surface is
shown in Figure 2 and it is defined as shown in
equation (1) [4]:

izBui(”)'ij(V)'W” ‘cy

i=1 j=1

plu,v)= 1

n, n,
ZzBui(”)'ij(V)'Wij
i=1 =1

where:

e pis a point on the surface and u and v its location
parameters identifying the location of a point p
within the surface,

e 1, and n, are the number of control points in the u
and v direction,

e B, and B,(v) are the normalized B-spline
functions in the u and v direction. B, (u) is
uniquely defined by the order %, and knot
sequence f, with k, + t, u-knots. Similarly, B,,;(v)
is uniquely defined by the order %, and knot
sequence t, with k, + ¢, v-knots,

e ¢; are the control points controlling the shape of
the surface and wj; their respective weights. When
all the weights are set to 1, a NURBS surface
becomes a B-spline surface.

Fig. 2. Example of NURBS representation [4]

2.2 Tolerancing

The specification of tolerances on a freeform shape
may be given on the basis of the profile tolerances
defined for surfaces, with or without reference to a
datum, available from ISO 1101 [5]. Form tolerances
restrict the deviations of the real surface from the
nominal shape only and have no datum; the definition
is as follows (see also Fig. 2.): “The tolerance zone is
limited by two surfaces enveloping spheres of diameter
t, the centres of which are situated on a surface having
the theoretically exact geometrical form.”

Other international standards of relevance are ISO
1660 (drawing indications) [6] and ISO/TR 5460 [7]
(verification principles and traditional inspection
methods). However, modern specification and
verification concepts are not yet supported for freeform
surfaces by a well defined normative basis nor a
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universally accepted common praxis [8].

(&)

Fig. 2. Definition of profile tolerance not related to a
datum

3. MEASUREMENT UNCERTAINTY

A correct statement of the uncertainty is becoming
increasingly important as more and more companies
strive to maintain traceability in accordance with ISO
9000. In particular, ISO 14253-1 [9] states that a proper
uncertainty statement is necessary in order to conclude
that products are within or outside of specification.

3.1 Definition of uncertainty in measurements

In general, every measurement process has
imperfections that give rise to an error in the
measurement result. So the result of measurement
process is not a true value of measurand. It is only
estimation. Because of that numerous imperfections,
every result of measuring process has a parameter that
describe a lack of exact knowledge of the value of the
measurand called measurement uncertainty.

According to International Vocabulary of
Metrology (VIM) [11] measurement uncertainty is
"non-negative parameter characterizing the dispersion
of the quantity values being attributed to a measurand,
based on the information used". The basic document
that establishes general rules for evaluating and
expressing uncertainty in measurement that is ISO
Guide to the Expression of Uncertainty (GUM) [12].
GUM provides general rules for evaluating and
expressing uncertainty in measurement rather than
detailed, technology-specific instructions.

In practice, there are many possible sources of
uncertainty in a measurement, including: incomplete
definition of the measurand, imperfect realization of the
definition of the measurand, nonrepresentative
sampling — the sample measured may not represent the
defined measurand, nonrepresentative sampling — the
sample measured may not represent the defined
measurand, etc

All of Tthese sources are not necessarily
independent, and some of sources may by correlate.

The uncertainty of the result of a measurement
generally consists of several components, which may
be grouped into two categories according to the method
used to estimate their numerical values [12]:

e Type A components: those which are evaluated by
statistical analysis of series of observations,

e Type B components: those which are evaluated by
other means.



3.2 Evaluation of uncertainty in measurements

In most cases, a measurand Y is not measured
directly, but is determined from N other quantities X},
X;, ..., Xy through a functional relationship f:

Y=f(X1’X2> "XN) 2

An estimate of the measurand Y, denoted by vy, is
obtained from Equation (1) using input estimates x;, x,,
..., xy for the values of the N quantities X;, X5, ..., Xy.
Thus the output estimate y, which is the result of the
measurement, is given by equation (3):

y=flx,nxy) 0
As an example of a Type A evaluation, consider an
input quantity X; whose value is estimated from n
independent observations X;; of X; obtained under the
same conditions of measurement. In this case, the input
estimate x; is usually the sample mean [12]

_ 1
X=X =—> X, )
n =
The individual observations X; differ in value
because of random variations in the influence
quantities, or random effects and the standard
uncertainty u(x;) to be associated with x; is the
estimated standard deviation of the mean [12]:

_ 1 n _
u(xi)zs(Xi)z\/—Z(Xik _Xi)2 )
n- (n - 1) o

For an estimate x; of an input quantity X; that has
not been obtained from repeated observations, the
standard uncertainty u(xi) is evaluated by scientific
judgment based on all of the available information on
the possible variability of X;. The pool of information

may include [12]:

e previous measurement data;

e cxperience with or general knowledge of the
behavior and properties of relevant materials and
instruments;

e manufacturer's specifications;

e data provided in calibration and other certificates;

e uncertainties assigned to reference data taken from
handbooks

e inadequate knowledge of the effects of
environmental conditions on the measurement or
imperfect measurement of environmental conditions

e personal bias in reading analogue instruments;

e finite instrument resolution or discrimination
threshold;

e inexact values of measurement standards and
reference materials;

e inexact values of constants and other parameters
obtained from external sources and used in the data-
reduction algorithm;

e approximations and assumptions incorporated in the
measurement method and procedure;

e variations in repeated observations of the
measurand under apparently identical conditions.

The combined standard wuncertainty of the
measurement result y, designated by u.(y) and taken to
represent the estimated standard deviation of the result,
is the positive square root of the estimated variance

ucz(y) obtained from equation (6) [12].

N g ) N-1 N gz .
= . (xi)+2;J;axi 8x.u(xi xj) (6)

J

Equation (6) is based on a first-order Taylor series
approximation of the measurement equation given in
equation (2) and is conveniently referred to as the law
of propagation of uncertainty. The partial derivatives of
f with respect to the X; (often referred to as sensitivity
coefficients) are evaluated at X; = x; wu(x) is the
standard uncertainty associated with the input estimate
x; and u(x; x;) is the estimated covariance associated
with X; and Xj[12]-

Equation (6) is used when input values x; are
correlated, but when input values are independent and
uncorrelated, equation (6) gets its simpler form [12]:

N af
2
ul(v)=2| =~
In case When some sources of uncertainty are
evaluated as Type A, and others are evaluated as Type
B, the combined standard uncertainty of the result y is
given by equation (7)

u,(v)=~ui(y)+uz(v) @

The additional measure of uncertainty that meets
the requirement of providing an interval is termed
expanded uncertainty and is denoted by U. The
expanded uncertainty U is obtained by multiplying the
combined standard uncertainty u.(y) by a coverage
factor k [12]:

2
u’(x,) (6

i

U= k'uc(y) ®).

The result of a measurement is then conveniently

expressed as
Y=yxU ).

In general, the value of the coverage factor £ is
chosen on the basis of the desired level of confidence to
be associated with the interval defined by U. Typically,
k is in the range 2 to 3. When the normal distribution
applies and u. is a reliable estimate of the standard
deviation of y, U = 2u, (i.e., k = 2) defines an interval
having a level of confidence of approximately 95 %,
and U = 3u, (i.e., k = 3) defines an interval having a
level of confidence of approximately 99.7 %.

A detailed procedure for determination of coverage
factor k, can be found in European co-operation for
Accreditation directive EA 4/02 [13].

4. UNCERTAINTY AND TRACEABILITY IN
CMM MEASUREMENTS

As explained in the previous paragraph, uncertainty
is expressed as a range of values within which, at a
specified level of confidence, the true value of the
quantity measured is believed to lic. In CMM-based
measurements, a task-specific uncertainty for each
Geometric Dimensioning and Tolerancing (GD&T)
parameter is necessary.

The ISO defines traceability as "the property of the
result of a measurement or the value of a standard
whereby it can be related to stated references, usually
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national or international standards, through an
unbroken chain of comparisons all having stated
uncertaintie." [9]. The prominent role of uncertainty in
completing the traceability chain is evident. Simply
having a CMM calibrated does not make its
measurement results traceable. If CMM-derived GD&T
measurements are traceable, defensible task-specific
uncertainty evaluations should be included in a report

4.1 Performance verification of CMM

Performance  verification is an  important
documentation of the measurement capability of any
measuring device; standards and guidelines are
available for the practical implementation of
performance verification tests on some measuring
instruments. ISO standard that describes the procedures
to verify the performance of CMM are series of
standards ISO 10360 (Acceptance and re-verification
Tests for Coordinate Measuring Machines). Procedure
in this series defines the Maximum Permissible Error
(MPE) for each type of measurement task.
ISO 10360-2 [16] specifies volumetric Length
Measuring Error (MPEg) and Volumetric Probing Error
(MPEp). This standard applies to all measurements of
distances, diameters, position tolerance, freeform
tolerances, straightness, flatness, roundness and
cylindricity. ISO 10360-3 [17] specifies errors caused
by rotary table. ISO 10360-4 [18] is applied for every
measurement when the CMM is used in scanning
mode. ISO 10360-5 [19] specifies multiple stylus errors
of location, size and form.
As any other measurement, measurements performed in
these tests for ISO 10630 also have uncertainty.
Procedure for determining this uncertainty is described
in ISO 23165 (still in draft).
Besides series ISO 10630, there is directives published
by European co-operation for Accreditation directive
that can by applied for performance verification of
CMM. These are: EA 4/02 [13], EA-4/16 [14] EAL-
G17 [15].

4.2 Techniques for evaluation of the uncertainty on

CMM-based measurements

The ISO 15530 series of International Standards is
intended to provide terminology, techniques, and
guidelines for estimating the uncertainty of CMM
measurements. Although the technical committee ISO
TC 213 has been working on it since more than a
decade it is still largely incomplete. CMMs are
considered to be complex GPS measuring equipment,
and the estimation of the uncertainty of CMM
measurements  often  involves more advanced
techniques than those described in ISO 14253-2 [10].
The
techniques presented in the ISO 15530 series are
compliant with both and the GUM.

The following paragraphs show a synthesis of ISO
15530 standards. (Geometric Product Specification
(GPS) — Coordinate Measuring Machines (CMM):
techniques for determining the wuncertainty of
measurement):

e Part 1: Overview and metrological characteristics.
o Part 2: Use of multiple strategies in calibration of
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artefacts.

e Part 3: Use of calibrated work pieces or standards.

e Part 4: Use of computer simulation.

e Part 5: Use of expert judgement, sensitivity analysis
and error budgeting

From all of these parts, the only published for now
is ISO 15530-3. ISO 15530-2 and ISO 15530-4 are
published only in draft version [1,2]. Other ones are
still under the attention of ISO Technical Comitia
TC213. A short description of these parts is given as
follows.

ISO 15530-1 aims to introduce the techniques for
determining the uncertainty of measurement for a
CMM, providing the proper terminology and a
reference list of metrological characteristics, i.e. a list
of factors that can potentially affect the measurements
produced by a CMM. The document is still in a draft
version [1,2].

ISO 15530-2 (the document is still in a draft
version) aims to introduce the technique of multiple
measurement strategies, for determining the uncertainty
of measurement related to a work piece measured by a
CMM. The multiple measurement strategy aims to
combine several orientations of the work piece and
point distributions on its surface in order to get a better
estimation for the conventional true value of the
measurand. In this standard, the uncertainty of
measurement is obtained by a non-calibrated objects
method [1,2].

ISO 15530-3 aims to provide a technique for a
simple uncertainty evaluation of measurements
performed by a CMM. This technique applies to
specific measuring tasks and to CMM results obtained
from both uncorrected and corrected measurements. It
is based on three key concepts: non substitution
measurement, substitution measurement, similarity
condition. Non substitution measurements are results in
which the CMM indication is not corrected by
systematic errors. On the opposite, in substitution
measurement, the CMM indication is corrected by
systematic errors. Similarity conditions define the
constraints binding the work piece and the material
standard of size in the uncertainty assessment [1,2,20].

According to this standard, expended uncertainty is
calculated by equation (10) [20]:

Us=k-Jul, +u +u, +|b (10)

where:

® u. is standard uncertainty resulting from the
uncertainty of calibration of the calibrate workpiece
stated in the calibration certificate,

e u, is is standard uncertainty resulting from
measurement procedure,

e 1y, is standard uncertainty resulting from material
and manufacturing variations

e ) is systematic error.

ISO 15530-4 aims to define criteria for simulation
techniques applied to task-specific uncertainty
evaluations. The target of these techniques is to provide
measurement results combined with the related
measuring uncertainty [1,2].

ISO 15530-5 aims to define the criteria of the



technique for uncertainty evaluation based on expert
judgement. The use of expert judgement can be
particularly —important when type B standard
uncertainty is considered in the uncertainty budget.
Personnel aiming to provide expert judgements must be
properly qualified. ISO 15530-5 is still in draft status.
Key concept is concept of qualified personnel [1,2].

4.3 Critical observations

ISO 15530-2 and ISO 15530-3 are two different
methods of evaluation measurement uncertainty. In the
first standard, the uncertainty of measurement is
obtained by a non-calibrated objects method. The
uncertainty is the result of three -contributions:
repeatability of measurements; geometric errors of the
piece; error of scale. In the second instead, uncertainty
is obtained by a calibrated object method. It’s the result
of systematic error, repeatability of measurements and
uncertainty of calibration and reference object. These
methods define uncertainty measurement by an
aggregate way, while ISO 15530-4 analytically
characterize each uncertainty contribution in the
measurement volume of the machine. This is the way
promoted by PTB (German metrological Institute),
which firstly introduced the concept of “virtual
machine” [1]. Even if ISO 15530-2 and ISO 15530-4
are still in draft, there are a numerous publications,
where authors were used procedure described in this
standards for evaluation of uncertainty.

4.4 Application to freeform

In general, performance verification is based on the
use of calibrated artefacts, for which geometry is
usually very simple and restricted to simple shapes, i.e.
planes or spheres in different configurations. Such
procedures are therefore quite different from the typical
use on the measuring device when dealing with
freeform shaped parts.

To simplify the procedure of evaluation a
uncertainty of measurement of freeform shaped parts,
the recommendation given by NIST in [21] is to apply
the technique of substitute-geometry decomposition,
which means that the complex geometry of a part is
represented as being composed of the sum of simpler
geometric elements. According to this recommendation
of NIST, many authors in their papers, for evaluation of
uncertainty, uses modular freeform gauges (MFQG)
(Figure 3). But with this approach, we can only
simulate the shape of real freeform shape and, in most
cases, the real object is not fully covered by calibrated
shapes. Opposite to this approach is use of non-
calibrated object. In this approach, measurement results
are compared to nominal geometry from CAD model.
Advantage of this approach is that the freeform shape si
fully covered, but measurement is much longer and
values of evaluated measurement uncertainty are
generally larger [22]

5. CONCLUSIONS
Freeform shaped parts represent challenging

measurement tasks for a number of instruments such as
coordinate measuring machines. Tolerance

specification and verification in connection with
freeform geometries rely on the use of a CAD model,
with a number of difficulties related to measurement
strategy, registration of multiple views, filtering,
alignment and evaluation. Metrological issues related
to performance verification and traceability rely on the
existence of calibrated workpieces. There is a clear
need for new methods and standards to ensure
traceability of measurements on freeform shaped parts.

Fig. 3.
assessment related to the turbine blade geometry (right)

(2]

MFG configuration (left) for the uncertainty
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FIXTURE ANALYSIS MODULE, AN ESSENTIAL ELEMENT OF THE INTELLIGENT
FIXTURING SYSTEM

Abstract: This paper presents the concept of Intelligent Fixturing System (IFS) which is being developed to hold a
family of thin-walled workpieces for machining operations. This is a cost-effective concept which incorporates a
fixturing system, fixture analysis module, fixture stability module, clamp optimization module and clamping control
system. This paper presents the development of fixture analysis module that can determine the optimal clamping
force values considering the cutter location and the three cutting force components.

Key words: intelligent fixturing, fixture analysis.

1. INTRODUCTION

In pace with automation of the work process the
development and rationalization stage of fixtures
becomes increasingly important and strongly influences
the price of the final product. The fixing equipment is a
bottleneck in production, therefore in the past decade
the efforts in searching for new Intelligent Fixturing
System (IFS) were increased. This paper describes the
proposed IFS system, which on the basis of given
workpiece geometry analyses and optimizes the
magnitude/position of clamping forces. The paper is
also concerned about the fixture module for the
analysis and rationalization of fixtures, suitable for
clamping of thin-wall products likely to undergo
deformation due to clamping and cutting forces during
machining. Software has been made for the evaluation
of fixturing scheme, for calculation of the optimum
magnitude and positioning of clamping forces, required
to enable the workpiece to be safely clamped during
machining. The calculation is based on the force
analysis method provided with the optimization
routine. Especially in cases of machining of thin-walled
components, deformation can be minimised by
optimizing the location and magnitude of clamping
forces. Therefore, in intelligent fixturing system the
clamp position and magnitude of clamping forces have
to be controlled in real time [1]. More realistic and
cost-effective approach is to use off-line optimisation
of the clamps location and on-line adjustment of
clamping force.

2. INTELLIGENT FIXTURING SYSTEM

An attempt was made to include fixture analysis
module into the Intelligent Fixturing System (IFS).
Proposed system is able to perform the following
operations: off line optimization of clamping forces,
monitor the clamping forces and adjust the clamping
forces according to the change in geometry of the
workpiece. The framework of the system is shown in
Figure 1. It consists of the modular fixturing system,
off line fixture analysis module, fixturing stability

module, clamping optimization algorithm and clamping
control system. At the beginning, the optimal clamping
forces are determined by analysis module then the
reaction forces are measured through the sensors
embedded in locators. The data are sent via force
monitoring module to the fixture stability model. The
fixture stability module is used to monitor the fixturing
stability during the entire machining operation. Once
instability appears, the module sends a command to the
hydraulic system to increase the corresponding
clamping force. This process is repeated until the
completion of the machining process. Positive reaction
forces at the locators ensure that the workpiece
maintains contact with all the locators from the
beginning of the cut to the end. The three components
of cutting forces in end-milling are predicted using the
neural cutting force model developed by [2]. The
clamping force optimisation algorithm determines the
optimal clamping force values considering the cutter
location, the three cutting force components and results
of the fixture stability model. The optimal clamping
forces are then applied in real-time using an electro-
hydraulic clamping system. Soft PLC controls a
hydraulic system to apply the required clamping forces
as the cutter moves to different locations on the
workpiece. The clamping forces are proportional to
pressure in hydraulic cylinder.

3. FIXTURE ANALYSIS MODULE

The developed module is useful for technologist since
it can routinely determine within a short time the
optimum sizes, direction and application points of
clamping and locating forces for different cases of
clamping. The module is aimed at verifying (analysing)
the obtained solution (configuration of the fixture),
confirming or rejecting it, if all the set condition are not
fulfilled. The worked out programme works on the PC
and is programmed in the mathematical programme
language MatLab. The clamping principle 3-2-1,
requiring three points on the primary locating plane,
two points on the second locating plane and one point
on the third locating plane, was used for making the
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Fig. 1. Framework of the IFS system

module. The clamping force must be great enough and
suitable oriented so that the workpiece position during
machining does not change due to cutting forces.

The clamping forces on the workpiece must not create
internal stresses and must not damage or deform the
workpiece surface. The objective is to minimize all the
controllable and reaction forces. This is expressed as
the minimization of the sum of the squares of the
clamping and reaction forces.

3.1 Theoretic concept of the fixture analysis module
The workpiece is located on the six- points P;-P¢ and is
held by three clamping forces Fvp;, Fvp,, Fvp; at
points P;, Pg, Py (figure 2).

positions for locators: positions for clamping elements:

1 (38, 140, 0) 1 (122, 140, 100)

2 (165, 80,0) 2 (25, 140,76)

3 (165,241, 0) 3(102, 25, 76)

4 (178, 102, 76) . .

5 (254, 188, 76) position of cutting force:
6 (102,254, 76) (76,127, 96)

Fig. 2. Forces on a prismatic workpiece during
machining of a slot

flv f2x f?v
S Loy 1
77777 | S
rly rzy 7"3y
[A]luk =
rlx r2x r}x
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Where:

F, - F¢ - reactions acting on locating elements (V),

Fvp,, Fvp,, Fvps- clamping forces acting in the direction
of the normal onto positioning planes (V),

F,, F,, F; - components of cutting force F. (),

M,, My, M, - components of cutting moment M, (Nm),
fi, (i=1...9) - friction forces in contact points (N),

F, - force of workpiece weight (),

1 - friction coefficient.

The resulting force of friction f; between the locator
and workpiece is p-F; and between the fixing element
and the workpiece it is p-Fyy;, (G=1...3).

The reactions on the locating elements must be
positive, because otherwise the contact between the
workpiece and the fixture is lost.

To achieve static equilibrium the resultant force and
moment on the workpiece must be zero.

Because of the numerical solving of the problem the
equilibrium equations are written in matrix form:

[A]lok '[F]lok +[We]:O (1)

[A]Iok - normalized geometrical matrix.

T
[F ]lok - vector of supporting forces

[We] - vector of external forces

After entering the geometrical matrix and the vector of
external forces into the equation (1) the equation (5) is
obtained.

When the coefficient of the friction between the
workpiece and the clamping elements is equal to zero,
the equation (5) is simplified and assumed the form (6).

_1 _1 f6x
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r;- the vectors defining the locating points, (Ry, Ry, R,) - components of the resultant cutting force F,

4. EXAMPLE OF FIXTURE ANALYSIS AND
OPTIMIZATION

On a milling machine it is necessary to make the slot
shown in figure 1. To this end we use the milling cutter
of 16 mm diameter with two cutting inserts (R-216-16
03 M-M) with the following cutting conditions: cutting
speed (v=25m/min), feedrate (fz=0,01mm/tooth),
cutting depth (a=4mm). The values of components of
cutting forces (F,=450N, F=315N, F=810N), the tool
position, the starting positions of clamping/locating
elements, the friction coefficient (u=0.4) and the
workpiece weight (F,=47N) are entered into the
window for entering the input data.

Clamping is effected by the three clamping elements.
With the upper clamping element the workpiece is
clamped in module. the direction of the Z axis and with

the two side elements it is pressed along the vertical
locating plane. The equation (1) assumes the form (7).
The possible solutions for Fvp;s are those that result in
positive values of F;s; in other words, the workpiece
will remain in contact with locators during the entire
cutting process.

To solve these six linear simultaneous equilibrium
equations with nine unknowns, we assume that Fvp,,
Fvp, and Fvp; have the same magnitude. Their values
start from zero and are incremented by a constant value
in each iteration until positive values of all F;s are
achieved.

The obtained values of Fvp;, Fvp, and Fvps;, which are
equal to 440N will be the first set of possible solutions,
which are listed as case (1) in Table 1.

Table 1 lists the reaction forces F; (i=1...6) on the six
locators and the possible solutions for Fvp;s
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Fig. 3. Comparison of clamping cases

under different clamping conditions.

Forces [N] C(als)e @ (3) 4) ®)
Fvp, 440 430 440 410 0
Fvps 440 440 440 220 320
Fvps 440 440 0 0 0
F, 2,14 0,967 | 125,57 | 7,808 | 0,44
F, 4759 | 472,12 | 432,77 | 249,644 | 396,842
Fs 693,7 | 688,765 | 613,25 | 419,354 | 643,647
F, 826,0 | 823,769 | 652,30 | 539,109 | 618,558
Fs 673,5 | 672,000 | 761,73 | 590,891 | 564,291
Fe 962,9 | 961,526 | 522,97 | 419,862 | 446,534

Table 1. Reaction on the locating elements for 5 cases.

The case (1) shows the first acceptable solution where
all clamping forces are equal (440N). For the other
cases (case 2-3) two of the clamping forces are set to
value 440N, while the value of the third clamping force
is gradually increased until all F;s are positive. By such
procedure the value of required clamping forces is
reduced. In case (3) the clamping element 3 is not
necessary, since the force acting on that element is
equal to 0 (Fvp; =0). The software proposes the
optimum solutions of the clamping configuration (case
4 and 5) between the user can choose. The critical point
of the fixture is on the locating element 1. During
machining the workpiece will first lose the contact with
the clamping device just at that point (P,). The fixture
configuration can be improved by: placing on
additional clamping element above the critical locating
element 1, increasing the value of the clamping force
Fvp, or changing position of the clamping element 7.
With clamping force Fvp=0N up to Fvp=440N the
clamping fixture configuration is not suitable for
clamping of the workpiece in the given conditions of
machining. The maximum loading of the clamping
fixture occurs at the point of the locating element 6,
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which, during machining in the locating plane XZ,
takes all loadings acting in the direction of Y axis. The
proposed and analyzed clamping cases (1 and 4) are
shown in figure 3.

5. CONCLUSION

A force analysis module, which is a part of the
developed IFS is presented that considers the effect of
frictional forces for verification, rationalization and
improvement of a clamping design. A new iteration
method is introduced for determining the optimal
clamping and locating force. By the developed module
we have significantly reduced the magnitude of
clamping forces. It is possible to anticipate and prevent
the defects on the workpiece during the clamping and
machining process. In the research it has been found
out that by taking the friction into account the value of
the required clamping force as well as the number of
the required clamping elements are strongly decreased.
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USE OF OPTIMIZATION TECHNIQUES IN A SELECTED ENTERPRISE

Abstract: This contribution is aimed at the use of optimization techniques and statistical methods in a selected
enterprise during the assessment of enterprise performance. The enterprise specializes in providing services, namely
machinery repairs. The organization represents a small enterprise. This contribution also applies basic tools of
process improvement such as Pareto analysis, Ishikawa diagram etc. We shall identify optimal solutions by means

of a probability analysis.

Key words: Process, process improvement, improvement, repairs

1. INTRODUCTION

The issue of service quality improvement is
currently a broadly discussed area. Today’s world of
growing and continuous competition among individual
service providers proves that the non-existence of
sufficient competition is only a desired phenomenon, in
fact, almost an unreal one. This only increases the need
to improve the quality of services provided and
eliminate defects that may create the image of poor
quality or insufficient services.

2. PROCESS IMPROVEMENT

Process improvement is hereby implemented via
optimization techniques. This contribution considers
the use of basic improvement tools as defined in [2]
and [4]. Furthermore, the use of improvement tools is
governed by the methodology of Six Sigma the aim of
which is to reach the highest quality possible. Six
Sigma used during this project is applied in accordance
with the knowledge within the [1] and [3].

Fig. 1. Six Sigma project steps

We use the Six sigma project as is written in [1], which
has five steps, which are shown in previous figure (Fig.
1).

3. IMPROVEMENT PROJECT

The analysis of processes has been aimed at the

analysis of occurrence of faults and/or deficiencies.
These have been understood in this case as both
external faults, i.e. complaints and/or customer claims,
but also as internal faults reported by the employees
themselves. The above project was performed in the
active collaboration with employees who made the
effort to improve service quality. Thanks to this, we
were able to use the information on internal faults.
The process of repairs includes five steps. These stages
are divided in other steps. We show only the main
stream of process flow — main five steps, without the
included sub-steps.

| Recieving of machine |

\ 4
| Machine diagnostics |

A 4
| Ensure spare parts |

| Repairo‘f'machine |

v

Delivery of machine to
customer

Fig. 2. Process of repairment

We can see that the highest fault ratio is when the
employees have been given a time limit, i.e. they fail to
repair the machinery in due time. A relatively high
number of faults have also been caused by a faulty
diagnostics. This reason is mutually interconnected
with the previous one - due to the lack of time (time
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stress) the technicians perform diagnostics very quickly
and thus tend to overlook some faults that subsequently
display themselves during the repair of the machinery
and the repair is slowed down.

100 100
=]

Cumulative Percy

Time Limit Diagnostic Poor quality Damages Invoice Other

Fig. 3. Pareto diagram of faults and deficiencies

Upon the above facts we shall deal with the issue of
time limit. We found out that there is the following
average number of individual types of machinery per
year:

Average number | Average
of machines per | time of
year repair
Large milling 285 3.486
machines and
grinders [LM]
Large lawn 182 2.932
mowers, karcher
machinery [LL]
Impact drills [ID] 187 3.014
Manual drills [MD] 495 1.6
Small tools [ST] 398 1.034
Other [Ot] 283 0.97

Table 2. Structure of repairs during one year

For next analysis we need also the calculation of
standard deviation. In next figure we also show the
minimum and maximum time of repair.

Analysis Variable : Time

Type Std Dev | Minimum | Maximum

ID 1.3743444 | 0.4321929 | 5.5392149
LL 2.0716228 | 0.1588609 | 7.6882244
LM 1.4161739 | 1.0938968 | 6.5773801
MD 1.0990824 | 0.1282904 | 4.6073895
Ot 0.6900674 | 0.0106828 | 2.1288067
ST 1.0522040 | 0.2794638 | 4.2545120

Table 3. Analysis of repairs - statistical results

We also calculate the differences between type of
machines and its repair time. If the average time of
repairs is not statistically different, we can join these
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types. But we can see that the differences are
statistically significant.

Sum off Mean F
Source DF| Squares| Square|Value| Pr>F
Model 5| 193.563| 38.712| 21.16| <.0001
Error 150| 274.433| 1.829
Corrected | 155 467.996
Total
R-Square| Coeff Var| Root MSE| Time Mean
0.413601| 57.15102| 1.352609| 2.366727
D Mean F
Source | F| AnovaSS Square|Value| Pr > F

Type 5| 193.5635481| 38.7127096| 21.16|<.0001
Table 4. Anova results

Upon this information we may calculate the number of
working hours the technicians need for the repair of the
above machinery.

Total number of hours
per year
Big milling machines
and grinders 993,51
Big lawn mowers,

kércher machinery 533,624
Impact drills 563,618

Manual drills 792
Small tools 411,532
Other 274,51

Table 5. Volume of annual working hours needed

If the changes will not be done, the company will have
many claims, because they guarantee the time of repair.
This time of repair is done and in case, when it is not
respected, the customer pay only the amount of spare
parts and the work is free. This is the reason, why the
company need to solve this problem.

Probability of claim

0,35

0,30

z 0,25 |

Z 0,20 +—

2

8 015 +—

20,10 +— .
0,05 +— —
0,00 ; ; ; ;

Big milling  Big lawn Impact Manual Smalltools  Other
machines mowers, drills drills

and kércher
grinders  machinery

Fig. 4. Probability of claims for each type of machines

The calculation of probability of claim means the basis
for next economic analysis of process results. The
number of repaired pieces of machines, this probability
and the average price of work create the inputs of
economic model, which we should use to calculate the



estimated sum of loss from claims in case of exceed the
time of repair.

Estimated Loss from claims (yearly)

6000

5000

4000
[

2 3000 |
=

~ 2000 -

1000 -

Big milling  Big lawn Impact Manual  Smalltools  Other
machines mowers, drills drills

and karcher

grinders machinery

Fig. 5. Estimated loss from claims by year

The listed number of hours represents the total number
of app. 3568 h/year and needs to be divided by two as
there are two technicians working in the company. We
need to emphasize that these times represent real time
of machinery repairs including diagnostics and added
times of related operations, such asreceiving the
broken machinery and submitting the repaired
machinery to the client.

As follows from the abovementioned, on average there
are approximately 1750 working hours a year for one
technician, which is on the verge of the real annual
working time of an employee. Therefore, there is

astrong necessity to re-organize the work of
technicians.
Service activities Number of pieces per
hour
Big milling machines
4 0,6
and grinders
Big lawn mowers,
" . 0,57
karcher machinery
Impact drills 0,42
Manual drills 0,24
Small tools 0,2
Other 0,23

Table 7. Secondary activities of workers on type of
item

Service activities Total number of hours
Big milling machines and
grinders 171
Big lawn mowers, karcher
machinery 103,74
Impact drills 78,54
Manual drills 118,8
Small tools 79,6
Other 65,09
616,77

Table 8. Calculation of working hours saved

To sum up, through the work reorganization in the
sense of transfer of administrative part of repairs to the
staff dealing with direct sale in the office (issuing
invoice, returning machinery to the client) we managed
to save the time and achieved the level of app. 616
hiyear. In such case we need to employ anew
technician for a half-time employment. Without
reorganization we would have to employ a full-time
technician. Thus, we are able to save half of wage
expense.

4. CONCLUSION

This contribution describes a solution of a problem we
identified in a selected enterprise in Kosice dealing
with providing services. With the help of improvement
tools listed in the Six Sigma methodology we hereby
suggest the possibility of remedying an existing defect
in the above enterprise.
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ASSEMBLY OF STRUCTURAL COMPONENTS OF A BUS

Abstract: This contribution deals with the optimum assembly of major structural components of a bus manufactured
in Slovakia. The above structural components are presented graphically. The whole assembly of structural
components is, however, subject to an approved project documentation that we are not allowed to quote in this
contribution due to the protection of industrial property rights. This contribution therefore specializes only in the
structural components themselves and not in the complete assembly of the bus as such.

Key words: Improvement, structural components, engineering

1. INTRODUCTION

The issue of optimization of structural
components is always a current one. Lowering of
costs represents the main possibility of improving the
economic effectiveness of an enterprise. However,
lowering of costs must not have an impact on
production quality of individual products. There is
aneed to optimize placement of structural
components that should ensure the safety of bus
passengers. Apart from technical solution, it is also
desirable to optimize the process of assembly, not
only the product itself. From this reason, we shall
describe various possibilities of construction.

2. CONSTRUCTION PROCESS

The construction process of a vehicle represents
both the engineering and management issue, in which
one must define the processes in the most suitable
way and optimize individual steps in the production
area in order to minimize costs.

Answer phone

Product infa, or T

help placing order o Other

.-’/ 5
—~ How can ™ 5
.we help?

xx{,.,
Shipping .z"/&hai i‘;“""'\-\._x Billing
“'~-.,~.prublem’?f__.,-"

Take name
and company

T v
Problems with ™"
product? [

Transfer to Sales Take name
and company

(ext 2203)

] Transfr.;r.tu help
desk (ext 2217)

| Firish

[- Finish '|

Fig. 1. Process flow diagram

The aim of the above process is to improve the
method of assembly while taking into account spatial
dimensions of the enterprise. The assembly takes
place in a rectangle-shaped hall, where unnecessary
transfers of semi-finished products occurred in the
past. Results of individual production processes were
manually transferred between individual places.
Some of these transfers were not necessary at all [1].
Our suggestion defines two simultaneous production
lines. The first one completes the body of the bus and
the other one enables the chassis completion. These
two components are subsequently combined in the
final stage of the assembly.

Fig. 2. Process of bus assembly

The first stage provides the selection of basic
construction materials in the form of beams. Major
beams are combined into larger wholes [2]. The so-
called prefabricates are then utilized in the second
stage of the production. In this stage, the construction
of the bus is formed as we can see in Fig. 3 and Fig. 4
below.
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Stages No.3 and No.4 enable the final arrangement of
the above body that is later placed upon the
individually construed chassis. Stage No.5 is the
completion of chassis, purchased from an external
supplier [3]. The chassis itself must be adjusted to
meet the requirements of the company and therefore
needs to be fully construed before its attachment to
the body [4].

Fig. 5. The chassis of bus

The body structure is subsequently combined with
the chassis in Stage No.7. This is the semi-finished
product described in Fig.6.
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Fig. 6. Complete of bus

The above alterations of production stages caused
that the assembly of the bus required 10% less time.
This has naturally reflected in a 7,913 % increase in
profit of the enterprise when compared with the profit
before the alteration of placement of production steps

[51.[6].
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Fig. 7. Statistical analysis of assembly time

The improvement we can prove also by measured
results. We use the time of assembly of bus. The time
includes all steps during first works on bus till the
end changes on the assembled bus. We can see the
improvement about 1 day of assembly per bus.

Method Variances| DF|t Value|Pr > [t|
Pooled Equal 48| -8.41(<.0001
Satterthwaite|Unequal |46.691| -8.41/<.0001

Equality of Variances
Method |Num DF|Den DF|F Value|Pr > F
Folded F 24 24 1.40{0.4136

Fig. 8 Statistical analysis of assembly time

The t-test shows that the difference between the time
before change in assembly process and after it is
statistically ~ significant. It shows that the
improvement get some positive effect on production
of company.
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Fig. 9. Box plots of assembly time

The previous result is shown also through box plots.
We can see the shift of average time of assembly
process. The time is measured in days.

Fig. 10. Semi-product in assembly process
The assembly process continues after the assembly of

the skeleton of bus. In next step the bodywork will be
picked up on the skeleton.

R | .

Fig. 11. Semi-product in assembly process

Fig. 12. Semi-product in assembly process

After the all steps of assembly process the bus is
prepared for testing. The bus look like is shown in
next figure.

Fig. 13. Semi-product in assembly process
3. CONCLUSION

In conclusion, we may say that the evaluation of
quality represents the borderline that enables the
limitation of costs. The aim of the enterprise is to
minimize production costs, while retaining the
defined quality level. The optimization is possible
with regard to the length of assembly time and
amount of material needed for individual semi-
finished products.
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PROCESSING OF DIAGNOSTIC IMAGES OF THE SKELETAL SYSTEM

Abstract: Methods of imagining that are now widespread in the medical diagnosis include different methods of
scanning are made in order to obtain images of inner structures of the human body. As a result, it usually gets a
series of monochrome digital images. Different mathematical operations by which the desired components are
extracted for processing of them are used. This paper presents a global procedure for processing of tomography
images as well as generally accepted algorithms that allow for easier and better segmentation and spatial
reconstruction of bone. That is presented using a scans of the upper half of the femur in order to develop the body of

the hip endoprosthesis made to measure.

Key words: Medical Imagining, Segmentation, Femur, Endoprosthesis

1. INTRODUCTION

Images obtained by computerized methods of
scanning are a series of digital images that are
displayed in parallel planes cross-section the scanning
object [8]. Among other things, these images can be
used for the spatial reconstruction of the scanning
object, which in this work is shown on the example of
the femur.

All data from a digital image is collected in a
certain format. These formats must be recognizable in
communication between different computers, which
have been developed in different image formats in
medicine, commonly used DICOM (Digital Imagining
and Communication in Medicine).

This paper describes the spatial reconstruction of
skeleton based on a series of images in DICOM format,
the image reconstruction of the upper half of the femur
to the hip joint prosthesis design to measure. The
process consists of several stages, the most important
stages is the identification of different tissues and
organs. To identify the different tissues, it is necessary
to process image segmentation.

The process of reconstruction of the shape and
geometry of the femur on the basis of diagnostic
images is one of the most important phases in the
design process arthoplasty of the hip joint, which is
treated with a range of defects that occur in it [9]. The
most common complications of the hip joint are caused
by injury, degenerative changes or malignant diseases.

2. TOMOGRAPHIC METHODS OF SCANNING

Diagnostic scanning techniques include radiological
diagnostics that shows cross-sections of the body in
layers of specified thickness. Imaging methods that are
used in this field are divided into digital and analog.
Nowadays, of analog methods used X-ray imaging
technique (Rtg) and ultrasound scanning with the
possibility of digitization. From digital methods are
commonly used tomography methods in which the
diagnosis of diseases in addition to images can be used
for the spatial reconstruction of the scanning object [8].

Tomography is a method of generating 2D cross-
sectional image of the body [9]. The best-known
tomography methods are:

« computed tomography (CT), where the image
gets X-rays, and
+* magnetic resonance imaging (MRI), in which

the images obtained under the influence of a

magnetic field oriented.

CT (Computed Tomography) systems make images
on a morphological level (anatomical). In these images,
are different organs and tissues which have an unequal
absorption coefficient of X-rays and on these images
can see the value of the absorption coefficient, X-rays,
tissue. In CT images can be seen to change the
structure or anatomy, which occurred due to the
disease. The functional state of these organs cannot be
concluded. For example, a CT scan of the brain of the
living and the dead man (just after he died) is exactly
the same. In Fig. 1, see the first CT scanner, CT
scanner the new generation and CT image.

Fig. 1. The first CT scanner, CT scanner the new
generation and CT image

The advantages of CT scanners have a clear picture,
easy to diagnose (especially bones), as well as its price,
and is available in many medical centers. It is possible
to scan and built-in patients with any type of implant.
The main disadvantage is exposure to harmful X-rays
absorbed by the patient during the scanning.

MRI systems (Magnetic Resonance Imaging)
provide  medical  generate  certain  physical
characteristics of the tissue. MRI can visualize different
properties of tissue, blood flow and multiple
physiological and metabolic functions. MRI imaging
may be made in the presence of contrasting agents.
Gadolinium based substances (which also gives a
strong signal MRI) provides better discrimination of
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healthy from diseased tissue. It should be noted that the
MRI is based on the effect of nuclear magnetic
resonance, and that the principles of image generation
tomography image different than that of CT. In Fig. 2,
there is an MRI device, and series of images.

Fig. 2. MRI device and a series of images
obtained on it

The main advantage of MRI is the absence of
harmful radiation, they use magnetic fields and radio
waves, as opposed to the CT scanner. The benefits
include more detailed view of the soft tissue in the
patient's body. One disadvantages of allocated cost of
equipment, scan length and inability to scan some
patients with ferromagnetic implants, because the
magnetic field can cause the implant movement.

3. PROCESSING DIAGNOSTIC IMAGES

Processing of diagnostic images of the skeletal
system in order to obtain a computer model consists of
several stages which show the Fig. 3.

Images generated on CT/MRI devices can be saved
in different resolutions. Most often used resolution is
512x512 pixels. Each pixel of the image obtained in
this way can have a shade of gray, the 12-bit palette
(4096 colors).
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Fig. 3. Stages of obtaining a computerized model

Images obtained on the basis of tomography
methods are a series of images that are displayed in
parallel planes of intersection of the scanned object. To
successfully separate an area that is of interest for the
reconstruction of geometry is necessary to make the
segmentation of different tissues in the images and
translate them into a spatial model. Segmentation

involves identifying areas that belong to the
corresponding length bodies [7].
In digital image processing using different

mathematical operations which are used to receive
appropriate modifications initial image. The program
for digital image processing, images saved as a matrix.
Each pixel on it corresponds to a member of the matrix,
as can be seen in Fig. 4. In Fig. 4a is a part enlarged
image (see the pixels), and in Fig. 4b of the matrix.
Comparing pixel values contrasts with the values of the
matrix, it can be concluded that these are the same

numbers, the same images.
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Fig. 4. Matrix display image

Segmentation, for example, in a typical task of
identifying objects (organs), the basic step, and sharing
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images on the edges that correspond to different
objects. Edge of the image is the boundary or contour
which leads to significant changes in some of the
physical aspects of the image, such as surface



reflection, illumination and distance of the visible
surface of the beholder. Changes in the physical aspect
of the image are manifested in the form of changes in
the intensity, color and structure of the image.

Image processing can be used a number of software
systems both general and specialized applications. The
research activities of the most commonly used program
system MATLAB. In it, there are several methods for
detecting edges:

*
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Sobel method

Prewitt method
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Laplacian of Gaussian method
Zero-cross method
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All of these methods are used to detect edges and
intensity images as input. In places where are edges,
the matrix element is assigned a value of 1, and in
places where are no 0.

The Sobel method finds edges using the Sobel
approximation to the derivative. It returns edges at
those points where the gradient of image is maximum.

The Prewitt method finds edges using the Prewitt
approximation to the derivative. She also returns edges
at those points where the gradient of image is
maximum.

Similarly to the previous two the Roberts method
finds edges using the Roberts approximation to the
derivative. It returns edges at those points where the
gradient of image is maximum.

The Laplacian of Gaussian method finds edges by
looking for zero crossings after filtering image with a
Laplacian of Gaussian filter.

The zero-cross method finds edges by looking for
zero crossings after filtering with a filter you specify.

The Canny method finds edges by looking for local
maxima of the gradient image. The gradient is
calculated using the derivative of a Gaussian filter. The
method uses two thresholds, to detect strong and weak
edges, and includes the weak edges in the output only if
they are connected to strong edges. This method is
therefore less likely than the others to be fooled by
noise, and more likely to detect true weak edges.

In Fig. 5 is presented edge detection methods listed in
the example CT scan of the femur.

d) 5B )

Fig. 5. Edge detection on CT scans of the femur:a) Sobel b) Prewitt c) Roberts d) Laplacian of Gaussian method ¢)

Zero-cross and f) Canny method

Depending on the needs of digital image processing

(tomography images) depends on the method to be
used.
The need for segmentation of the femur, it is clear from
Fig. 5, that the best of the first three methods, because
they do not noise, as well as the surrounding organs
and tissues.

In commercial applications, such as Mimics, Scan
IP, Amira, 3D Doctor, etc. segmentation is not done in
detail, edge detection, but uses upper and lower limits
of contrast pixels (Tresholding) in the images.

In the example shown below (Fig.6) is a generally
accepted method used to define the boundaries of the
segmentation (Tresholding). Contrast values for the
pixels in the image corresponding tissues are known,
and this method can be wused for automatic
segmentation of a series of images. The main
disadvantage of this method is the disconnect between
the selected pixels, so it happens that other organs are
affected. In such cases it can be done manually remove
unwanted pixels, image by image, which is time-

consuming.

a) b)
Fig. 6. Segmentation of the femur

After segmentation and removing unwanted pixels,
the model contains surface irregularities with cavities
and sharp edges, so it is necessary to correct them to
filter. Fig. 7 shows the generation of a computer model
of the femur, which includes segmentation (Fig. 7a),
the translation of surface elements-pixels, voxel-
volume elements (Fig. 7b) and filtering, which includes
closing surface (Fig. 7c), rounded surfaces taking into

account topology and volume model (Fig. 7d) and
rounding using Gaussian filter (Fig. 7e¢) [8].
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Segmentation is based on
defining the upper and

lower limits
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Fig. 7. The process of generating a computer model of the femur

After defining the computer model, the conversion
is done in a variety of file formats geometric data of
which the most common are: IGES, STEP, STL, and
point cloud.

Femur model in Fig. 7e, formed reconstruction CT
image for the design total hip to measures of patient. In
Fig. 8 is shown the circuit reconstructed femoral
prosthesis embedded tumor developed in her.

—— ™ R—"
Fig. 8. Model incorporating femur tumor
endoprosthesis [9]

4. CONCLUSION

This paper describes the most commonly applied
methods of scanning tomography (CT and MRI) that
produce a series of digital images of the internal
structure of the human body. Modern tomography
scanning provides high reliability in addition to the
diagnosis of disease and the formation of spatial
computing model.

In the spatial reconstruction of the skeletal elements
of the system, one of the most important phases of a
procedure for processing images. Depending on the
obtained computational models, the shape of
orthopedic implants requires greater accuracy, due to
the production of better implants that fit the patient's
anatomy. This is expressed in the design and
production of typical implants and custum made
implants. For typical implants, among other things, are
important ethnic and age groups.

Contemporary research in medical imaging
processing flow in several directions including: training
tomography imaging method to get as clear a picture,
digital image processing and reconstruction of surfaces
in order to increase the accuracy of computer models.
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Abstract: Shortening of the life-cycle for products and technologies as well as the growing competition at the
market are characteristics of modern industrial development with which production companies are dealing with
today. We are witnesses that nowadays market games start and finish with the “three™. That "three" is quick, quality
and cheap. The answer to the question "How to make this three?" beside other, can be found in reengineering of
technological processes. Characteristics of the technological process as logical, iterative, variant and
multidimensional process represented basis for making methodology and information model of reengineering of
technological processes. This paper deals with architecture of methodology that is with model of reengineering of
technological processes, main approaches at the model as well as its outputs.
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1. INTRODUCTION

Technological environment is the constant
technological changes which points are the new
engineering and technological knowledge of producing
more with the available amount of resources or
production data achieved with fewer resources used.
This is expressed through shortening of development
time, lower costs, more efficient use of funds, materials
and optimization of the flow of information and so on.

In order to achieve the above mentioned
requirements, among the other things, required is the
development of new technologies (and this is primarily
an IT supported technology). Regarding it is necessary
to shorten the time that lapses from idea to realization
of a new product, considered the possibilities of so-
called "savings in time" through techn