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PREFACE

Energy conservation and environmental protection are the main objectives of
scientific and engineering activities in the last decade and at the same time ini-
tiators of many researches and inventions. In doing so, it can be concluded that
the various tribological systems are especially important in achieving rational
use of energy. It is estimated that over 30% of the total energy produced in the
world is spent for overcoming friction. In addition to direct energy savings by
reducing friction, research in the field of tribology can contribute to the reduc-
tion of energy and usage of raw materials, by improving the tribological charac-
teristics of the materials used in production of various machine elements. This
is particularly related to the improvement of the wear resistance of materials,
since wear losses are very high and wear represent the most common cause of
failure in machines and equipment. It is estimated that over 30% of all failures in
main machine elements are direct consequence of wear, and more than 50% are
tribologically caused (poor maintenance and control).

By reducing wear, longer lives of machines are achieved and hence lower
maintenance costs. The estimated costs of abrasive wear, as one of the most
common types of wear, are between 1 and 4 % of the gross national product
of the developed countries. Tribomaterials, as the subdiscipline of tribology, in-
cludes tribological studies of the existing materials and development of new ma-
terials with enhanced tribological characteristics. The wear resistance of some
material in particular application depends on its chemical composition, structure
and physical-mechanical characteristics, and selection of appropriate tribomate-
rial is a challenging task. In solving wear problems there are three main trends
present nowadays, namely:

Development and application of new tribomaterials with enhanced tribo-
logical characteristics, including the development of lubricants:

e Development and application of new technologies of production which
give qualitatively new properties of conventional materials;

e Development and application of new tribological coatings and surface
modifications.

The monograph “Advanced Tribological Coatings for Heavy-Duty Applica-
tions: Case Studies” reflects the last trend in solving wear problems. It presents
a summary of the researches conducted by the authors in the past few years,
concerning the tribological coatings designed for different heavy-duty applica-
tions, with various coating materials, and deposited by different techniques. The



investigations were provoked by practical tasks assigned by companies in various
industrial branches such as, improvement of the resource of calender shafts for
sheet forming, screw worm conveyors, conveyor belt rollers, pumps, excavator
bucket teeth and other equipment for heavy-duty applications under the impact
loads and high temperatures and pressures, in abrasive, erosive and corrosive
environment.

The book is structured in four chapters, from which the Chapter 1 covers the
introduction remarks about the surface engineering, applied coating deposition
techniques, coating properties and principles of abrasive and erosive wear. Other
chapters are classified according to the used coating deposition process. Chapter
2 considers electroless nickel coatings with different nanoparticles (diamond, SiC
and BN) addition. The application of these coatings is related to the possibilities
for replacement of non-ecological chromium coating and to the improvement
of the wear resistance of working shafts (calenders) involved in the production
of sheet-formed and foliate materials, such as paper, cardboard, leather, etc. In
Chapter 3, gas metal arc welding (GMAW) technique was used for hardfacing of
different ferrous-based coatings. Primarily, these coatings are used as solutions
for the regeneration of equipment used in road construction, agricultural and
mining industry. Chapter 4 considers various superalloy coatings deposited with
high velocity oxygen fuel (HVOF) spraying process. The investigated application
of these coatings was as improvement of the wear resistance of equipment used
in road construction, agricultural, mining and other industries.

The investigations presented in this monograph are product of the common
work of the teams in two universities and one institute, i.e. Tribology Centre at
the Faculty of Industrial Technology of the Technical University of Sofia headed
by Assoc. Prof. Dr. Mara Kandeva; Tribology Laboratory at the Faculty of Mecha-
nical Engineering of the University of Belgrade, headed by Assoc. Prof. Dr. Alek-
sandar Vencl; and Department “Embedded Intelligent Technologies” of the Insti-
tute of Information and Communication Technologies at the Bulgarian Academy
of Sciences, headed by Prof. Dr. Dimitar Karastoyanov. The results of these inves-
tigations have been presented and published in numerous publications of the
international conferences and scientific journals, and this monograph intends to
consolidate and present them in a single volume.

The innovation results and solutions, as well as the publishing of this mono-
graph have been done with the financial support from the FP7-REGPOT project
316087: Advanced Computing for Innovation (AComIn) of the Institute of Infor-
mation and Communication Technologies headed by Prof. Galya Angelova, DSc
together with the application and usage of the unique contemporary research
equipment from the Laboratory of the Project SmartLab headed by Prof. Dr. Di-
mitar Karastoyanov.

Sofia, January 2016 The authors



Chapter 1
INTRODUCTION

1.1. Surface engineering

Surface engineering is the sub-discipline of tribology which deals with the sur-
face of solids. Solids are composed of a bulk material covered (bounded) by a
surface. The surface interacts with the surrounding environment. This interac-
tion can degrade the surface over time. Degradation of the surface over time
can be caused by wear, corrosion and creep. Surface engineering involves al-
tering (changing) the properties of the surface in order to reduce the degra-
dation over time, i.e. to extend the service life. Surface engineering is also
applied in order to improve the performance (providing low- or high-friction
contacts with other materials, serving as electronic circuit elements, etc.), and
enhance the appearance of materials used for engineering components.

Although the surface normally cannot be made totally independent from
the bulk, the demands on surface and bulk properties are often quite diffe-
rent. For example, in the case of a turbine blade for a high-performance jet
engine, the bulk of the material must have sufficient creep resistance and
fatigue strength at the service temperature to provide an acceptably safe ser-
vice life. The surface of the material, on the other hand, must possess suffi-
cient resistance to oxidation and hot corrosion under the conditions of ser-
vice to achieve that same component life. In many instances, it is either more
economical or absolutely necessary to select a material with the required
bulk properties and specifically engineer the surface to create the required
interface with the environment, rather than to find one material that has
both the bulk and surface properties required to do the job [1].

The purpose of the formed protective surface layer is to protect the
surface of the material from simple or complex load to which the material
is not suitable. The basic and most common functions of protective layers
are: increase of wear resistance; increase of corrosion resistance; increase of
high-temperature resistance; oxidation protection (e.g. thermal barrier coa-
tings); prevent the diffusion between layers, etc. Besides protective, there
are other layers applied with the same processes but with different purpose,
i.e. to: reduce the coefficient of friction (solid lubricants); repair the worn-
out parts; increase the electrical and/or thermal conductivity or resistivity;



increase/decrease reflection, absorption, etc. (in optics); enhance the appea-
rance (decorative layers), and so on.

A useful definition of the term surface engineering is: “treatment of the
surface and near-surface regions of a material to allow the surface to per-
form functions that are distinct from those functions demanded from the
bulk of the material” [1]. There are two distinct groups of surface treatments:
surface modification techniques and coating deposition techniques. Surface
modifications comprise all actions that significantly change the characte-
ristics of the surface and near-surface layers (superficial layers) of materials
used for engineering components, without adding any new material. There
are surface modification by diffusion (changing the chemical composition of
the surface layer) and surface modification by transformation (changing the
structure of the surface layer). Coating deposition implies that additional ma-
terial is applied on the surface of the base material (substrate). This addi-
tional material is usually different from the substrate, and deposited in one
or more layers to obtain desired properties or dimensions. Coatings may be
applied as liquids, gases or solids.

Surface engineering techniques are being used in the automotive, aero-
space, missile, power, electronic, biomedical, textile, petroleum, petroche-
mical, chemical, steel, power, cement, machine tools, and construction in-
dustries. In 1995, surface engineering was a 10 billion GBP market in the UK.
Coatings, to make surface life resistant to wear and corrosion, were approxi-
mately half the market. It is estimated that loss due to wear and corrosion
in the USA is approximately 500 billion USD. In the USA, there are around
9524 establishments (including automotive, aircraft, power, and construction
industries) who depend on engineered surfaces with support from 23,466
industries. There are around 65 academic institutions worldwide engaged in
surface engineering research and education [2].

There are many different surface engineering techniques that have grown
from laboratory conditions into commercial technologies. The classification
of surface modification and coating deposition techniques could be done on
several different ways. One of the classifications is mainly according to the
type of energy used in the process (thermal, mechanical, thermo-mecha-
nical, chemical, electro-chemical and thermo-chemical), as shown in Fig. 1.1.

The selection of appropriate surface modification or coating deposition
technique for an engineering component can be made only when all signifi-
cant parameters are known. In selecting appropriate technique for tribologi-
cal coatings, the first requirement is to identify the dominant type of wear, as
well as other types of wear. After that appropriate material is selected, and
based on that suitable surface modification or coating deposition technique.
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Another approach is that, after identifying dominant wear type, first select
appropriate technique, and based on that suitable material. Both approa-
ches are valid since, for a particular application, two different combinations
of material/technique can provide equally good results.

1.2. Overview of applied coating deposition processes

According to the ASM Handbooks coating is: “a relatively thin layer (less than
1 mm) of material applied by surfacing for the purpose of corrosion preven-
tion, resistance to high-temperature scaling, wear resistance, lubrication, or
other purposes”, while the term surfacing is defined as: “deposition of filler
metal (material) on a base metal (substrate) to obtain desired properties or
dimensions”. In other words, surfacing represent all the techniques for the
coatings deposition [1].

Another classification of the coating deposition techniques is according to
the physical state of the material to be coated. It divides the techniques into
the following four categories: gaseous state processes; solution state proces-
ses; molten or semi-molten state processes; and solid state processes (Fig. 1.2).

In addition to the classifications shown in Figs. 1.1 and 1.2, tribological coa-
tings can be classified according to the purpose (functional classification) as:

1. Repair or build-up coatings (similar materials) — material is deposited
to achieve the required dimensions of the component, i.e. to restore its ori-
ginal/working dimensions;

[ Coating deposition techniques ]
|

Gaseous state Solution state Molten or semi- Solid state
molten state
|

]
cvD/ PVD/ _[ Hot de('ep ]_[Hardfacing][ Thern"\al ]
PA CvD || PA PVD/ lmplantatlon processing Spray'rg )

IBAD

Roll Explosive
Chemlcal ] [Electrochemicaﬂ [ Sol-gel ] cladding cladding

deposition deposition processing
|

\

| [ T 1 | Friction I
Electroless Conversion . Electrophoretic surfacing
Electroplating

plating coating deposition

Fig. 1.2. Classification of the main coating deposition techniques
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Fig. 1.3. Comparison of most used coating processes by the possible coating thick-
ness and substrate temperature during deposition [5] (Reproduced by permission of
Oerlikon Metco)

2. Coatings for obtaining/improving certain characteristics (dissimilar
materials) — material is deposited to achieve wear reduction or to control
combinations of wear, corrosion and oxidation;

3. Bonding or bond coatings (very dissimilar materials) — material is an
intermediate layer deposited between the substrate and protective coating
to provide metallurgical compatibility.

Two important parameters for the choice of coating processes are the
thickness of the coatings that can be achieved and the substrate temperature
during the process. Typical coating thicknesses vary from 0.1 mm to 10 mm,
and the substrate temperatures vary from room temperature up to 1000 °C
(Fig. 1.3). In general, thick coatings are desirable for longer life, but in some
applications thin coatings are more desirable for the following reasons [4]:

e thin coatings accurately reproduce the substrate topography, removing
the need for finishing (grinding);

e they tolerate better thermal expansion mismatches with the substrate;

¢ they do not change the mechanical properties of the substrate (impor-
tant in thin substrates);

e when the substrates are flexible, they can bend freely without cracking.

13



Table 1.1. Comparative typical characteristics of applied coating deposition pro-

cesses [6-8]

Deposition process

Characteristic Electroless plating Hardfacing Thermal spraying
Deposition rate 1-30um/h 0.5-50kg/h 0.1-10 kg/h
Thickness 1-100 um 1-10mm 20 - 1000 um
Substrate temperature 25-100°C 500-1200 °C 100-800 °C

Substrate material

Certain limitations

Mostly steels

Almost any material

Coating material

Metals, alloys, and
composites

Mostly metals and
alloys

Almost any material

Component
(substrate) size

Limited by solution
bath

May be limited by
chamber size

May be limited by
chamber size

Roughening and

Pretreatment Chemical cleaning | Chemical cleaning ; .
chemical cleaning
None/thermal None/substrate
Post-treatment None .
treatment stress relief
Uniformity of coating Good Variable Variable
Coating geometry Omnidirectional Line of sight Line of sight
Bonding mechanism Chemical Metallurgical Mechanical

Other important parameters for the coating processes choice are the
hardness of the coating, working temperature transmitted to the coating
material, deposition rate and price, possible component (substrate) size and
simplicity of the process, pretreatment and post-treatment, uniformity of
coating and thickness control, coating bonding mechanism, etc. The charac-
teristics of the obtained coating depend very much on these parameters, i.e.
on the applied deposition processes. Usually there are big differences in the
types and character of the coating, for example in compositions and mor-
phologies. Some typical characteristics of three coating deposition processes
used and presented in this book are shown in Table 1.1.

1.2.1. Electroless plating

Electroless plating is a coating deposition process in which mainly chemi-
cal energy is applied for deposition of the material (Fig. 1.1). Together with
electroplating, it is the main coating deposition process in solution state
processes category (Fig. 1.2). The solutions used are usually aqueous, and
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deposits can be produced on metallic or nonmetallic substrates. Solution
state processes may be divided into the categories of chemical and electro-
chemical, but this division may not be straightforward since some reactions
which appear to be purely chemical may in fact be electrochemical. One of
the benefits of the solution processes is that they have no upper limit on
thickness [6].

Electroless plating is a chemical deposition process that involves several
simultaneous reactions in an aqueous solution, which occur without the use
of external direct current source. In contrast to electroplating, it uses only
one electrode (substrate) and instead of an anode, the metal is supplied by
the metal salt. However, the solution for the electroless process needs to
contain a reducing agent. The process will continue until either the metal
ions in solution are depleted or the reducing agent is depleted. The process
produces coatings of uniform thickness on irregularly shaped parts, provided
the plating solution circulates freely over their surfaces.

Pretreatment for the electroless plating differs if the substrate is metallic
or nonmetallic, and specific procedures are required for each type of sub-
strate. Metallic substrates need to be cleaned from the contaminants (soil,
dirt, corrosion products, oxides, tarnish, and others) by a series of chemicals.
This isimportant because the adhesive bond strength between the metal sub-
strate and the coating very much depend on this. In some cases, mechanical
surface treatments, such as shot peening or sandblasting, are used in surface
finishing prior to chemical treatment. Electroless plating, as an autocatalytic
chemical reduction process initiated by the substrate, during surface cleaning
requires the highest degree of care and control of all metal finishing pro-
cedures. Even naturally active (catalytic) surfaces can become passive when
contaminated by foreign residues or oxide layers. Nonmetallic substrates lack
catalytic properties and therefore require activating treatments that will ren-
der them catalytic. In general, this activation is done by seeding the surface
with a catalytically active metal [9].

Beside advantages like needlessness of external direct current source
and coating thickness uniformity on irregularly shaped parts, the downside is
that the plating process is usually slower than e.g. electroplating, and cannot
create such thick coatings of metal. In addition, pretreatment is necessary,
since failure to clean contaminants result in poor adhesion of the coating.
Lifespan of chemicals is limited and waste treatment cost is high due to the
speedy chemical renewal.

The most common electroless plating method is electroless nickel pla-
ting, although copper, silver, gold, cobalt, palladium and chrome coatings can
also be deposited [10]. It is an increasingly important coating technology, and
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significant advantage of the electroless nickel process is that it can be used in
conjunction with fine grade particles to produce composite coatings. Exam-
ples of materials used to reinforce the coatings in this way are SiC, WC, CrC,
AlLO,, or diamond, as well as, solid lubricant particles, such as graphite, PTFE
or calcium fluoride [6].

1.2.2. Hardfacing

Hardfacing represents a group of techniques for the coating deposition
in which mainly thermal energy is applied for deposition of the material
(Fig. 1.1). Together with thermal spraying, it is the main coating deposition
process in molten and semi-molten state processes category (Fig. 1.2). Hard-
facing could be defined as “coating deposition process in which a wear re-
sistant, usually harder, material is deposited on the surface of a component
by some of the welding techniques” [11]. Hardfaced coatings are sometimes
referred to as weld-overlay or welded coatings. Also, in some literature they
are classified as cladding coatings. The main purpose of the cladding coatings
is to provide corrosion resistance, but since corrosion and wear process of-
ten “work” together clear distinguishing cannot be made. Corrosion and/
or high-temperatures may accelerate wear (pitting corrosion, fretting corro-
sion, erosion corrosion, cavitation corrosion, etc.), so the hardfacing material
should be corrosion resistant as well.

In most cases, hardfacing is used for controlling abrasive and erosive
wear, like in mining, crushing and grinding, and agriculture industries (bu-
ckets, bucket teeth, mill hammers, ball mills, digging tools, conveyer screws,
etc.). Hardfacing is also used to control combinations of wear and corrosion,
as encountered by mud seals, plows, knives in the food processing industry,
pumps handling corrosive liquids, or slurries. Typical base metal components
that are cladded include the internal surfaces of carbon and low-alloy steel
pressure vessels, paper digesters, urea reactors, tubesheets, nuclear reactor
containment vessels, and hydrocrackers [12].

The use of a welding technique to deposit a coating is nearly as old as
the use of welding to produce a joint. The process is practically the same, yet
the purpose is different. Although the techniques are the same in most ca-
ses, special considerations are necessary for weld overlaying that are not re-
quired for welding a joint. Included in these considerations are the following:

e The chemical composition and mechanical properties of the surfacing
material usually are quite different from those of the base material on which
it is deposited;

o A relatively large area of base material is usually covered in surfacing,
and the smallest possible amount of surfacing material is desired due to the

16



economic reason. As a result, there is frequently very large gradient in che-
mical composition and mechanical properties across the fusion line between
the base material and the coating.

Both of these characteristics are closely connected with percentage of
dilution, which should be as low as possible (but not too low). Most of the
processes used to produce a hardfacing coating are based on fusion-weld-
ing techniques which were originally designed to weld joints. These process-
es involve melting of the some substrate (base) material so as to achieve
a metallurgical bond between the coating and the base material. Indeed it
is this melting of the substrate material that is one of the major differenc-
es between hardfacing and thermal spraying. This melting process means
that the resultant alloy that solidifies (coating) is a mixture of the surfacing
material and the base material. The composition of this alloy is defined by
the percentage of dilution. The percentage of dilution equals the amount of
base material melted (B) divided by the sum of surfacing material added and
base material melted (A + B), the quotient of which is multiplied by 100 (Fig.
1.4). In other words, e.g. a dilution of 10% means that the coating contains
10% base material and 90% surfacing material [12]. Therefore, the main bon-
ding mechanism between coating and substrate is diffusion, i.e. metallurgical
bonding.

Probably the most outstanding difference between welding a joint and
depositing a weld overlay is in the percentage of dilution, which is much more
important in weld overlay surfacing. Dilution causes the chemical composi-
tion and structure of the deposit to be not the same as those of the welding
consumable used to produce it. It also influence the required surface pro-
perties (especially hardness), and usually more than one layer is deposited to
obtain required hardness. With each layer the influence of the base material
is lower. The prediction of the microstructures and properties for the auste-

Surfacing material

Dilution = x 100, %

A+B

Base material

Fig. 1.4. Dilution of the surfacing material

17



nitic stainless steels is for example well studied and different microstructure
prediction diagrams are used for that purpose, e.g. Schaeffler diagram, De-
Long diagram, etc. [12].

Control of dilution plays an important part in the economics of the hard-
facing process. A value between 10 and 15% is generally considered optimum.
A dilution greater than 15% causes greater deterioration of the chemical com-
position and characteristics of the surfacing material, and it is necessary to
apply more layers to obtain the required characteristics, which in turn raises
the cost of the whole process. Unfortunately, most welding processes have
considerably greater dilution [12]. On the other hand, a dilution smaller than
15% increases the risk of poor metallurgical bond between the coating and
the substrate. These errors in bonding are very common for the dilution value
below 5%. The dilution depends on the used base and surfacing material, on
the selected welding process and on the chosen hardfacing parameters. Al-
though each process has an expected dilution factor, experimenting with the
hardfacing parameters can minimise dilution.

Pretreatment for the hardfacing includes: cleaning of the surface from
oxides, rust, grease and oils, paint and other contaminants by various me-
chanical and chemical manners; shaping of the substrate is sometimes nec-
essary to eliminate potential localised stress concentration and places where
it is difficult to deposit a coating (sharp corners and edges); preheating of the
substrate in order to prevent the occurrence of cracks in the coating and HAZ
(heat affected zone).

Various welding techniques can be used to deposit a coating by hard-
facing (Fig. 1.5), and each of them has some advantages and disadvantages.
In addition, many hardfacing parameters must be considered when attemp-
ting to optimize a particular technique for a given application. The most
widely used techniques, according to their popularity, are: flux cored arc
welding (FCAW); gas metal arc welding (GMAW); shielded metal arc welding
(SMAW); submerged arc welding (SAW); gas tungsten arc welding (GTAW);
oxyfuel gas welding (OFW); plasma transferred arc welding (PTAW); laser
harfacing, etc. [13].

Hardfacing material selection depends on its metallurgical compatibility
with the substrate material. For example, alloys that form brittle intermetallic
phases with the substrate are undesirable. Therefore, the available choice
of coating materials is moderate. Since the number of materials suitable for
hardfacing is limited, and most of them have been in service for a long time,
majority of them are standardised [14]. The iron-based martensitic and aus-
tenitic alloys materials prevail (martensitic alloys hardens upon cooling, and
austenitic alloys are soft after deposition and hardens after work-hardening).
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Fig. 1.5. Types of hardfacing processes (names of the techniques are shown as shaded)

There are also metal carbides (Cr and W) which contain large amounts of
carbides in a soft, tough matrix, and some of the Ni, Co, Cu, Al and Cr alloys.
The primary application of these materials is in severe mechanical wear con-
ditions, although they often also have high corrosion resistance, and can be
used when tribochemical wear is dominant type of wear (tribological compo-
nents working in corrosive environment).

The choice of the substrate materials that can be hardfaced is also mo-
derate. Hardfacing is mostly applied to carbon and low-alloy steels with
C < 1%, high-carbon alloys with C > 1% (in this case a buffer layer may be re-
quired), stainless steels, manganese steels, cast irons, nickel-base alloys and
copper-base alloys.

Compared to the other coating deposition processes, hardfacing has
certain advantages and disadvantages. The advantages are, first of all, very
good bonding between coating and substrate (metallurgical bond), and
the possibility of depositing thick coating relatively quickly. In addition, the
substrate generally does not require special preparation. Most hardfacing
techniques are in service for a long time and relatively easy to apply. Disad-
vantages are that the coatings characteristics are not uniform and equal on
the surface and below the surface (dilution influence) and that the coating
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thickness control is poor. Then, there is a limited selection of the coating
material (mainly steel and metal carbides), as well as the material basis (also
mainly steels and some cast irons, Ni and Cu alloys). In addition, deposited
coatings have high roughness and large deformations of the substrate are
possible. For some components, e.g. bulldozer blades, a perfectly smooth
surface is not required whereas, for gear wheels or valve seats, machining of
the deposit is essential.

1.2.3. Thermal spraying

Thermal spraying represents a group of techniques for the coating deposition
in which both, thermal and mechanical energy is applied for deposition of
the material (Fig. 1.1). Together with hardfacing, it is the main coating depo-
sition process in molten and semi-molten state processes category (Fig. 1.2).
During the thermal spraying process, a coating feedstock material is mel-
ted or semi-melted and propelled, as individual particles or droplets, onto
a cleaned and prepared substrate surface where it solidifies and adheres to
surface, forming a solid layer (coating). Principle of thermal spraying coating
deposition is shown in Fig. 1.6.

In thermal spraying process thermal energy is used to heat a feedstock
material, which change its physical state from solid to molten or semi-molten
state. The thermal spray gun generates the necessary heat by using com-
bustible gases or an electric arc. Process gases provide the mechanical ener-
gy which is used to accelerate and spray particles or droplets of the melted
or semi-melted feedstock material. The particles impact the surface at high

Energy Feedstock material

Thermal Previously
il Spray plume prepared
|—> =Ry aLn surface

v

Gas or other Relative
operating media motion

Coating

Fig. 1.6. Principle of thermal spraying [5] (Reproduced by permission of Oerlikon
Metco)
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Fig. 1.7. Stages of the feedstock transformation and forming of the thermal spray
coating

speed, flatten, and form thin platelets (splats) that conform and adhere to
the substrate and to each other. By this way, splat by splat, a laminar struc-
ture coating is formed (Fig. 1.7). The feedstock material could be in the form
of rods, wires or powder (which is most often case). When it is in the powder
form, there should be a carrier gas which transports the feedstock material
to the thermal spray gun.

The typically structure of the thermal spray coatings is lamellar [15, 16],
with oxide particles and oxide layers and inclusions in between. The coating
that is formed is not homogenous and typically contains a certain degree of
porosity, and, in the case of sprayed metals in atmospheric conditions, the
coating will contain oxides of the metal (Fig. 1.8). Upon impact, the deformed
particles start to shrink and solidify, mechanically anchoring and hooking to
the surface. Therefore, the main bonding mechanism between coating and
substrate is physical interlocking and anchoring), i.e. mechanical bonding,
although other bonding mechanisms exist like metallurgical bonding (diffu-

Bonding mechanisms:
. 1 —mechanical bonding

2 —metallurgical bonding
3 —adhesive bonding

Coating structure

Splat formation

Oxide particle
Porosity
Unmelted particle

Fig. 1.8. Schematic structure of a thermal sprayed coating and bonding mecha-
nisms [17]
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sion) and adhesive bonding (chemisorption, adsorption, van der Waals for-
ces, etc.), as shown in Fig. 1.8. Unlike hardfacing, the substrate material does
not melt (it is not fused), so there are no problems connected with dilution.

Because the adhesion of the coating to the substrate predominantly con-
sists of mechanical bonding, pretreatment of the surface is very important.
The surface of the substrate is usually roughened and activated so the area
for bonding is increased. The most frequently applied activation is by abrasive
grit blasting. Before roughening, oxides, rust, grease and oils, paint and other
contaminants should be removed from the substrate surface by the use of
different solvents and chemicals or with ultra sound. Shaping of the substrate
is sometimes necessary to eliminate potential localised stress concentration
and places where it is difficult to deposit a coating or where its adherence to
the substrate is poor (high concentration of thermal stresses).

Depending on the application of the thermal spray coating, different
characteristics are important but there are some characteristics which are
the same for all applications: coating thickness, porosity, structure, presence
of unmelted particles and oxide inclusions, microhardness and bond strength
[18]. These characteristics are mutually connected and are dependent on
many parameters [19]. Generally, these parameters could be divided into two
groups: substrate preparation parameters and spray deposition parameters.
Detailed description of the influences these parameters have, can be found
elsewhere [20, 21].

Thermal spraying is widely used coating deposition method because it
presents process flexibility and coating quality in combination. It finds wide
application in aerospace, petrochemical, automotive and other industries,
where it is used to produce coatings with wear resistance, low coefficient
of friction, high-temperature protection, corrosion resistance, electrical con-
ductivity, electrical resistance, electromagnetic interference shielding, etc.
There are several different processes for thermal spray coating deposition,
and the main classification into two categories can be performed according to
the thermal energy source used for melting of the feedstock material: flame
(combustion) and electrical (electrical discharge) energy (Fig. 1.9). Cold gas
spraying (CGS) process is something in between the mechanical (solid-state
process) and thermo-mechanical process, since the kinetic energy, i.e. the
particle velocity, is increased and the thermal energy is reduced comparing to
the other processes. In this way the particles remain mainly in the solid state
and are relatively cold. The most widely used processes for thermal spray
coating deposition are: flame spraying (FS), electric arc wire spraying (AS),
atmospheric plasma spraying (APS), plasma spray and high velocity oxygen
fuel (HVOF) spraying [5, 22, 23].
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Thermal spraying feedstock material may be any material that has a
well defined melting point and which is not decomposed when heated. The
choice is very wide and includes: pure metals and alloys (steels, Ni-, Cu-, Co-
and Al-alloys, superalloys, M—Cr—Al-Y); ceramics (AL O,, ZrO,, AL.O,-TiO,, Cr
oxides, TiO,, CaF,, MgO—CaO0); carbides (WC, Cr,C, TiC) and cermets (WC—
Co, WC—(Co—Cr), Cr,C,~(Ni—Cr)); polymers (polyethylene, polyamide, PEEK,
PMMA, etc.); composites (Al-Si+graphite, Ni+graphite, Al-Si+polyester, CaF,
with a metallic matrix, Al-Si+polyamide, Al-Si+polyethylene). The possible
substrates are also various. Most metals, ceramics, glass and some plastics
can be coated with thermal spraying [24, 25].

Compared to the other coating deposition processes, thermal spraying
has many advantages, but also certain disadvantages. The advantages are:
many possible combinations substrate-coating material; flexibility high-qua-
lity parts can be repaired, with low costs and relatively short downtimes in
comparison to other repairing processes; substrates are only slightly heated
up, in order to avoid microstructural changes; parts with complicated shape
and variety of sizes could be coated. Disadvantages are: coating has different
composition and behaviour than a feedstock material; microporosity of the
coating is relatively high; limited bond strength of the sprayed layers; con-
strictions concerning the geometry (e.g. inner coating of bodies with a low
inside diameter).
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Fig. 1.9. Types of thermal spraying processes (names of the techniques are shown
as shaded)
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1.3. Principles of abrasive and erosive wear

Wear could be defined as a “process of progressive removal of material from
the surface of solid body in contact and relative motion with a solid, liquid
or gaseous counter-body”. Therefore, wear is a result of surface loads and
should be distinguished from fracture, i.e. from volume loads. Wear process
leads to material and form changes at the material surfaces and to material
losses. This can be seen by detached particles (wear products) from the tri-
bologically stressed surface layer. Wear is usually undesired, as it diminishes
the functional behaviour of a component and the value of the product. Wear
of materials is the main reason for replacement of components, since in most
cases it determines its useful lifetime. Indeed, wear is an important topic
from an economical point of view because it represents one of a very limited
number of ways in which material objects lose their usefulness. It is estima-
ted that its economic importance is 50% [26]. It was also shown that over
30% of all failures in the main machine elements are direct consequence of
wear [27]. Maintenance and other losses only increase this percentage.
Wear itself is a very complex process initiated by the action of different
wear mechanisms, which in some cases act simultaneously or follow each
other. The term of wear mechanism defines the physical/chemical elemen-
tary processes within the contact area of a tribosystem. A basic distinction is
made between the four elementary wear mechanisms, as shown in Fig. 1.10,
i.e. adhesion, abrasion, surface fatigue and tribochemical reactions (tribo-

Load
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Adhesion Abrasion Surface Tribochemical
fatigue reactions

Fig. 1.10. Main wear mechanisms in tribosystems
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Fig. 1.11. Typical wear coefficient values for metal-on-metal and ceramic-on-ceramic
sliding systems [28]

oxidation). In addition to these main mechanisms, and under special condi-
tions, also diffusion and tribosublimation ought to be mentioned in the field
of wear mechanisms. In these processes, the material changes have atomic
dimensions at the mating bodies, when atoms and molecules from the tribo-
logically stressed surface areas diffuse into the mating body, or sublimate into
the surrounding medium.

Comparing by the severity through the dimensionless wear coefficient
value, the abrasion wear mechanism is one of the most severe (Fig. 1.11).
Wear mechanisms define most of the basic types of wear, and in most cases
wear type is a result of the combined effects of different wear mechanisms.
Nevertheless, wear types are investigated as isolated cases. Wear mechanism
can be considered as a cause, and each wear type as a consequence (mani-
festation). According to the causes and manifestations eight different types
of wear can be classified: adhesive wear, abrasive wear, surface fatigue wear
(pitting), erosive wear, cavitation wear, fretting wear, oxidative wear and cor-
rosive wear. First six are mechanical types of wear and the last two are che-
mical type of wear [29]. Beside these main wear types, there are some types
of wear which have specific and isolated occurrence, such as diffusive wear,
thermal wear, etc.

There are many parameters that affect wear process and influence its
character, type, intensity, etc. These parameters can be divided into three
categories: 1. Working parameters (type and character of movements, cha-
racter and size of load, speed, operating temperature, time, etc.); 2. Characte-
ristics of the system elements (real area of contact, chemical composition and
structure, hardness, elastic modulus, density, thermal conductivity, surface
roughness, thickness and structure of the surface layers, lubricant viscosity,
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viscosity-temperature and viscosity-pressure dependence, relative humidity,
etc.); 3. Types of interactions between the system elements (type of contact,
type of friction, wear type and type of lubrication).

Analysis of the type of wear that can occur under certain operating con-
ditions and for selected materials is very important in the construction and
maintenance of machines, since it suggests what measures should be taken
to reduce wear. Present dominant type of wear is determined by: experience;
wear rate; working conditions (load, speed, temperature, etc.); environment
(vacuum, air, lubricant, corrosive or reactive environment); chemical compo-
sition and appearance of the worn surface; chemical composition, quantity
(concentration), size and morphology (form and structure) of the wear prod-
ucts; etc. Knowledge of expected wear values is necessary to allow equip-
ment suppliers to design and provide guarantees of equipment lifetimes, and
to allow operators to plan maintenance schedules. This is particularly impor-
tant in the case of heavy-duty applications, where the costs of abrasive and
erosive wear can be very significant.

1.3.1. Abrasive wear

Abrasive wear is one of the most common types of wear, which makes abra-
sive wear resistance very important in many industries. There are at least 17
active ASTM standards directly related to abrasive wear, and at least 4 direct-
ly related to erosive wear [30]. More than 50% of all wear-related failures of
industrial equipment are caused by abrasive wear [27]. The estimated costs
of abrasive wear are between 1 and 4% of the Gross national product of an
industrialized nation [31]. For these reasons, the abrasive wear resistance is
a subject of great importance in many industries, such as mining and mine-
rals processing industry (bulldozer blades, excavator teeth, drills and chutes,
etc.), automotive industry (cylinders, piston rings, clutches and brakes, etc.)
as well as in other machines that work in contaminated environments (wind
turbines, construction and agricultural machinery, etc.). The wear of machine
parts, the cost of repair and replacement of these parts, and the associated
downtime related to these activities result in significant costs for these in-
dustries.

Abrasive wear can be defined as “wear by displacement of material from
surfaces in relative motion caused by the presence of hard particles either
between the surfaces or embedded in one of them, or by the presence of
hard protuberances on one or both of the surfaces” [32]. The second part of
this definition corresponds to pure two-body abrasion, where tested mate-
rial slides against harder and rougher counter-body material, while the first
part corresponds to the three- and two-body abrasion, respectively. Another
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interesting example of two-body abrasion is the abrasive erosion, which is
the special case of erosive wear. Abrasive erosion has been defined as “ero-
sive wear in which the loss of material from a solid surface is due to relative
motion in contact with solid particles which are entrained in a fluid, moving
nearly parallel to a solid surface” [32].

Abrasive wear processes are typically classified as two-body: abrasive
particles or protuberances are fixed (Fig. 1.12a) or abrasive particles freely
slide and/or roll and act as a counter-body (Fig. 1.12b) and three-body abra-
sion: abrasive particles are free to slide and/or to roll between mating bo-
dies (Fig. 1.12c). The origin of the abrasive particles (dust, dirt, sand, aerosol,
debris, etc.) is either outside the tribological system (contaminants) or they
are generated within the system itself (wear products). The rate of material
removal in two-body abrasion can be one order of magnitude higher than
that for three-body abrasion, because the loose abrasive particles abrade the
solid surfaces between which they are situated only about 10% of the time,
while they spend about 90% of the time rolling [33].

Another system of classification divides abrasion into gouging abrasion,
high-stress (or grinding) abrasion and low-stress (or scratching) abrasion. In
gouging abrasion, large particles are removed from the surface, leaving deep
grooves and/or pits. The stresses in gouging abrasion are higher than those
in high-stress abrasion and are often of a sufficient magnitude to cause gene-
ralised plastic deformation of materials. High-stress abrasion is accompanied
by the fracture of the abrasive particles and the worn surface may exhibit
varying degrees of scratching with plastic flow of sufficiently ductile phases
or fracture of brittle phases. Debris may be formed after repeated plastic flow
by a fatigue-like mechanism or by chipping. Low-stress abrasion occurs when
the load is low enough that the abrasive particles are not fractured and a
worn surface usually exhibits fine scratches [34].

Relative motion (b) (c) Relative motion
—_— ——

Body 2: abrasive particle

and protuberance Body 2: abrasive particles Body 3: abrasive particles

Fig. 1.12. Abrasive wear process: (a) and (b) two-body abrasion; and (c) three-body
abrasion
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Fig. 1.13. Types of the abrasive mechanism: (a) ploughing and ridge formation;
(b) wedge formation; and (c) cutting [35] (Reprinted with Authors’ permission)

Regardless of the classification, abrasive wear mechanism could general-
ly be divided into four types (modes): ploughing, fatigue, cutting and fracture
(cracking), resulting with different surface appearance. Ploughing is charac-
terised by a strong plastic deformation of the material caused by the effects
of the abrasive particles in such a way, that its grooves bulge at their rims
(Fig. 1.13a). In the ideal case, ploughing due to a single pass of one abra-
sive particle does not result in any detachment of material from a wearing
surface. During ploughing, material loss, however, can occur due to many
abrasive particles which are acting simultaneously or successively. Material
may be ploughed aside repeatedly by passing particles and may break off
by low cycle fatigue. Pure cutting results in a material loss equal to the vo-
lume of the wear groove produced (Fig. 1.13c). An intermediate case could
also occur (Fig. 1.13b), in which the wedge is formed in front of the abrasive
particle. The wedge dimensions do not change too much during process and
wear debris is generated by fragmentation of the formed wedge. Ploughing,
fatigue and cutting types are more present in ductile materials. On the other
hand, with brittle materials fracture (cracking) is more possible. It happens

Fig. 1.14. Appearance of surfaces worn by different abrasive mechanism types:
(a) ploughing and fatigue; (b) cutting; and (c) surface fracture (cracking)
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when highly concentrated stresses are imposed by abrasive particles. In this
case, large wear debris are detached from a surface due to crack formation
and propagation [36].

Abrasive wear is the most obvious type of wear whose wear mechanism
is prominently mechanical. It is manifested with grooves and chips, scratches,
or pits and brittle surface cracks, depending on the present abrasive mecha-
nism type (Fig. 1.14). Wear products formed by ploughing and fatigue are in
the form of irregularly shaped fragments, while the wear products formed by
cutting usually have spiral pattern.

Value of the abrasive wear depends on many parameters, such as nor-
mal load; sliding distance; hardness of the softer material in contact; hard-
ness, amount and size of abrasive particles; etc. The increase of normal load
induces a wear rate increase, and above some critical load the wear rate
abruptly increases. This usually indicates the transition of the wear regime
(Fig. 1.15). In the case presented in Fig. 1.15 gray cast iron pins surface was
not in full contact with the nodular cast iron counter-body at lower specific
loads (1 and 2 MPa), and the basic lamellar structure of the material could
be clearly noticed. At higher specific loads (3 and 4 MPa) more intensive,

N
o
1

Wear rate x 107, mm3/m

0 1 2 3 4 5
Specific load, MPa

Fig. 1.15. Wear rate vs. specific load — change of the wear mechanism from light
abrasion through normal and intensive abrasion to severe adhesive wear (gray cast
iron pin in dry sliding contact with nodular cast iron disc) [37]
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abrasive wear starts, and at highest specific load of 5 MPa intensive adhesive
wear occurs, due to the presence of high pressure and contact temperature.

Higher hardness of the softer material in contact usually gives higher
abrasive wear resistance, but this dependence is not proportional (except
for pure metals). In some cases, as in composite materials, it is not even true
[38]. It has been found that the abrasive wear depends on the correlation
between the hardness of the abrasive particles (Ha) and the hardness of
the softer material in contact (Hm), leading to three distinct wear regimes
(Fig. 1.16). These three regimes are: | — light abrasion, Il — transition zone,
and Il — severe abrasion [27]. In order to reduce abrasive wear of the softer
material its hardness should be increased, and as the limits for metals should
be Hm = 1.3 x Ha, because further increase of the hardness Hm beyond 1.3
times that of the Ha is unnecessary since no further significant improvement
will be obtained [39].

The higher amount and higher size of abrasive particles generally in-
crease the abrasive wear rate. Nevertheless, if the size of the abrasive parti-
cles do not exceeds a few tens of micrometer, it does not affect significantly
the abrasive wear rate [22, 40]. Fig. 1.17 illustrates the influence of the abra-
sive particles size of an abrasive paper on the wear coefficient, measured
on carbon steel and copper. The value of wear coefficient increases up to a
particle size of about 50 um, and then stabilizes.

Basic ways to reduce the abrasive wear are: increasing of the material
hardness (Hm); better machining (lower roughness); eliminating of the abra-
sive particles (filtering) and better sealing. Another way to reduce the abra-

Abrasive wear value

Hm/Ha > 0.8

Abrasives hardness

Fig. 1.16. Influence of the abrasive particles hardness on the abrasive wear of the
softer material in contact [27]
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Fig. 1.17. Effect of diameter of abrasive particles on the wear coefficient [40] (Re-
published with permission of [Taylor and Francis Group LLC Books], from [Corro-
sion and Surface Chemistry of Metals, Dieter Landolt, 2006]; permission conveyed
through Copyright Clearance Center, Inc.)

sive wear is using of the composite materials. Factors that affect the abrasive
wear of these materials include the size, orientation, relative hardness, mod-
ulus of elasticity, and brittleness of the second phase (Fig. 1.18). When the
size of the second phase is small relative to the abrasive groove depth, the
second phase has little or no beneficial effect. Also, a reinforcing phase lying
parallel to the surface is more easily removed than one that is anchored per-
pendicular to the surface. Reinforcing phases harder than the abrasive par-
ticles will protect the matrix, and reduce the abrasive wear. A low modulus
of elasticity of the matrix and/or of the reinforcing phase favours debonding
at the interfaces, and lead to pull-out and abrasive loss. Lastly, brittle mate-
rials (reinforcing phase and/or matrix) tend to crack to a larger area than the
cross-section of the abrasive particle groove. This results in increasing abra-
sive wear [36].

1.3.2. Erosive wear

Erosive wear can be defined as “loss of material from a solid surface due to
relative motion in contact with solid particles which are entrained in a fluid
or due to the action of streaming liquid, gas or gas containing liquid droplets”
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Fig. 1.18. Influence of various properties of reinforcing phase on abrasive wear of
composite

[32]. The first part of this definition corresponds to solid particles erosion,
and the second part to fluid erosion. Solid particles erosion has two special
cases: abrasive erosion and impingement or impact erosion (erosion in which
the relative motion of the solid particles is nearly normal to the solid surface).
Fluid erosion does not normally include cavitation erosion (cavitation wear),
nor electrical erosion (electrical pitting).

According to the aforementioned definition, two types of erosive wear
could be distinguished: solid particles erosion and fluid erosion, i.e. erosion
caused by the impact of fluid with or without solid particles. Solid particles
erosion is more often in practice. In solid particles erosion wear is the result
of abrasive action of solid particles carried by fluid in combination with sur-
face fatigue, i.e. combination of abrasion and surface fatigue wear mecha-
nism. Like in other wear types, mechanical strength does not guarantee ero-
sive wear resistance.

In most cases failure damage caused by erosive wear is localized on spe-
cific areas. Damaged surface is characterised with smooth, broad grooves in
direction of fluid flow or mate and clean texture (Fig. 1.19). In Fig. 1.19a,
erosive wear by fluid was noticed around oil holes of the journal bearing, and
was manifested by removal of the material due to the fatigue mechanism.
Most probably the inlet speed of lubricating oil was high, causing fluid ero-
sion of the bearing. Erosive wear by solid particles is shown in Fig. 1.19b. A
piston pin retainer broke and the loose pieces severely eroded the piston pin
bore. Erosion is worse at the top of the bore than it is at the bottom, due to
the piston loading and movement against the broken retainer, i.e. downward
piston movement is more sudden and violent than upward piston movement.

Erosive wear rate depends on many parameters, such as angle of parti-
cle/fluid impact; kinetic energy of the particle/fluid on impact; size, shape,
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Fig. 1.19. Appearance of surfaces worn by different erosive wear types: (a) journal
bearing surface damaged by erosive wear (fluid erosion) [Reprinted from Enginee-
ring Failure Analysis, 44, A. Vencl, A. Rac, Diesel engine crankshaft journal bearings
failures: Case study, 217-228, Copyright (2014), with permission from Elsevier] and
(b) piston pin bore damaged by erosive wear (solid particles erosion)

amount and type of particles carried by the fluid, and properties of the ero-
ded material. The angle of impact (impingement) is the angle between the
eroded surface and the trajectory of the particle/fluid immediately before
impact. For ductile materials the highest erosive wear is when the impact
angle is between 20 and 30°, while for brittle materials the highest erosive
wear is when the impact angle is about 90° (Fig. 1.20).

Ductile
material

Brittle
material

Erosive wear rate

0 15 30 45 60 75 90
Impact angle, °

Fig. 1.20. Effect of impact angle on erosive wear rates of ductile and brittle mate-
rials [27]
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The velocity of the erosive particle/fluid has a very strong effect on the
wear process, since it influences the kinetic energy that will be transferred to
the surface. If the velocity is very low then stresses at impact are insufficient

for plastic deformation to occur and wear proceeds by surface fatigue. When
the velocity is increased to, for example, 20 m/s it is possible for the erod-
ed material to deform plastically on particle impact. In this regime, which is
guite common for many engineering components, wear may occur by repeti-

tive plastic deformation [22].

Effect of particle size is shown in Fig. 1.21, which reveals that as particle
size was increased from 9 to 127 um in diameter the mode of erosive wear
changed from ductile to brittle. In both cases erosive agent was silicon car-
bide with velocity of 152.4 m/s. This change in wear mode is most probably
a consequence of the average spacing of defects, e.g., holes or cracks in an
eroded surface. With small particles only a minority of the impacted places
will coincide with a defect. This will provide ductile erosive wear mode, with
relatively slow wear increase. For larger particles, a defect is almost always
present in the impacted place and material removal is by brittle processes.
This will provide rapid formation of the cracks and fast increase of wear. The
sharpness of the particle has also been recognized to increase erosive wear
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Fig. 1.21. Effect of particle size on mode and rates of erosive wear (grams removed/
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[42], and it is known that hard particles cause higher wear rates than soft
particles [43].

Basic ways to reduce the erosive wear are: decreasing of the fluid/parti-
cles velocity; eliminating of the solid particles; choosing the adequate mate-
rial depending on the impact angle.
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Chapter 2

ELECTROLESS NICKEL COMPOSITE COATINGS
WITH NANOPARTICLES

2.1. Introduction

Electroless plating is a chemical deposition process, which can be defined as
the deposition of a metal from an aqueous solution of its salt by a controlled
chemical reduction that is catalyzed by the metal or alloy being deposited
[1]. Nevertheless, the electroless plating process has an electrochemical
mechanism, both oxidation and reduction, reactions involving the transfer
of electrons between reacting chemical species. The oxidation of a substance
is characterized by the /oss of electrons (anodic process), while reduction is
distinguished by a gain of electrons (cathodic action) [2]. The reduction reac-
tion, which occurs between positively charged metal ions in solution M* and
negative electrons e, can be represented as follows:

M™ +ne” >M° (2.1)

The differences between the electroless plating (chemical deposition)
and electroplating (electrochemical deposition) is in a way of providing elec-
trons necessary for the reduction of metal ions in the solution. Electroplating
is based on the reduction of metal ions at the cathode using electrons sup-
plied by an external direct current source. The oxidation reaction occurs on
anodes of the same nature as the metal being reduced at the cathode [3]. On
the other hand, electroless plating uses only one electrode (cathode) with-
out the use of external direct current source. Instead of an anode, the metal
(coating) is supplied by the metal salt, and electrons are released from a sui-
table chemical reducing agent added to the solution. The reaction continues
as long as the surface remains in contact with the electroless metal solution.
Because the coating is deposited without an external electric current source,
no lines of electric flux develop. As a consequence, the coating thickness is
evenly distributed and uniform, without edge effects.

Since the electrons in electroless plating originate from within the sys-
tem, the process is therefore also referred to as autocatalytic. The name elec-
troless plating is somewhat misleading, however. There are no external elec-
trodes present, but there is electric current (charge transfer) involved. More
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descriptive term, which was used by the inventors, would be electrodeless
plating. The name soon lost the de, and later the name autocatalytic was for-
mally adopted, although electroless is still widely used [1].

Electroless plating has been used to obtain coatings of Ni, Co, Pd, Cu, Au,
and Ag as well as some alloys containing these metals plus P or B. Electroless
Cr deposition has also been claimed [1]. Among these, electroless nickel pla-
ting is the most widely used electroless plating process. The preferred source
of nickel cations is nickel sulphate (NiSO,). Other nickel salts, such as nickel
chloride and nickel acetate, are used for very limited applications. The most
common reducing agent used is sodium hypophosphite (NaH,PO,). Alterna-
tives are sodium borohydride, dimethylamine borane and hydrazine but they
are used much less frequently [2]. It is estimated that sodium hypophosphite
is used in more than 99% of all electroless nickel plating [4].

The chemical deposition on nickel ions on catalytically active surface by
hypophosphite in aqueous solution can be described by the following reac-
tion [5]:

Ni>*(SO),” +3Na*(H,P0O,)™ +3H,0 —> Ni® +3Na™ (H,PO;)” +2H,. (2.2)

The process is successful because it takes place only on catalytic surfa-
ces, rather than throughout the solution. In other words, the electrons are
not transferred to nickel directly but via the metal surface of the substrate
(Fig. 2.1). If the process is not properly controlled, the reduction can take
place throughout the solution, i.e., the two substances would react directly
within the solution and produce a fine nickel powder.

Solution
H,PO,™ =
Ni** Solution Ni** H2POs
HPO2  H,pos- .
N/ v ()
Y e= e=
(b) Substrate

Fig. 2.1. Schematic diagram of the nickel plating from a hypophosphite bath: (a)
initial layer on a ferrous substrate (electron transfer progresses from the hypophos-
phite layer to nickel via the substrate surface; thus, nickel is also deposited onto the
substrate and does not precipitate in the solution); and (b) subsequent layer on a
initial nickel layer
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Part of the added hypophosphite decomposes to phosphorous acid and
phosphorus in a side reaction [5]:

3Na*(H,PO,)” = Na*(H,PO;)” +H,0+2Na*(OH)™ +2P°. (2.3)
2P0, P03 2

The deposition rate of the electroless coatings varies between several
micrometers per hour up to 25-30 um/h. It depends on the quantity of ener-
gy added to the system in the form of heat [2], pH value of the solution [1],
composition of the solution, and many other factors [3]. The thickness of the
electroless nickel coating depends also on the composition of the solution,
for instance. Typical coating thickness, depending on the industrial applica-
tion, varies from 2 to 125 um [3].

The Equation 2.3 reveals that also, in addition to elemental nickel, ele-
mental phosphorus develops. The phosphorus is integrated into the coating,
and its content has a great effect on coating properties. Phosphorus content
can be varied over a wide range, typically 1 to 13 wt. %. According to their
phosphorus content, electroless nickel coatings can be categorized into four
principal groups: low phosphorus (1-3 wt. % P), low-medium phosphorus
(3-6 wt. % P), medium phosphorus (6-9 wt. % P) and high phosphorus (9-13
wt. % P) alloys [6].

Chemical composition of the electroless nickel coatings affect its struc-
ture and produce often generally distinct physical, mechanical and tribolo-
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0 100 200 300 400 500

Temperature, °C

Fig. 2.2. Effect of one hour heat treatment and phosphorus content on electroless
nickel coatings hardness [4] (Reproduced with permission from Nickel Institute)
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gical properties of these coatings [1, 3, 4, 6, 7]. For instance, at high phos-
phorus contents coatings are no longer metallic but show partially ceramic
properties, and the ferromagnetism of nickel thus disappears. Furthermore,
electroless nickel coating can be heat treated, and the resulting coating will
have much improved wear resistance, but diminished corrosion resistance
[8]. Phosphorus and nickel form a solid solution, and 1 hour of heat treat-
ment at 400 °C causes nickel phosphide precipitation [5]. Using this, hardness
values of up to 1100 HV are obtainable that correspond to the hardness of
the coatings known as hard chrome (Fig. 2.2).

For this reason, electroless nickel has been used to replace chrome
coatings, which have negative environmental and health effects, in many
decorative as well as functional applications. Although the environmental ra-
mifications of nickel are still questionable, it is clearly less problematic than
chrome. In applications requiring hardness and wear resistance, electroless
nickel composite coatings have been even more successful in not only re-
placing chrome but actually surpassing the performance of hard chrome pla-
ting [9].

The deposition of nickel coating with electroless plating process is ap-
plied in industry mainly to improve the corrosion and wear resistance, to
build up worn or undersized parts, to modify magnetic properties, etc. [10].
Estimation of the percentage uses of electroless nickel coatings for improving
various characteristics is shown in Fig. 2.3.

Lubricit
Conductivity usrtl,/? ¥

Deposit 6 %
uniformity .
11 %

Other
5%

Corrosion
30 %
Magnetic
properties
18 %

Wear/hardness
25%

Fig. 2.3. Primary uses for electroless nickel coatings [11] (Reproduced with permis-
sion from Products Finishing)

41



Because of these properties, electroless nickel coatings are commonly
used in engineering coating applications where wear resistance, hardness
and corrosion protection are required. Applications include those in chemical
process, food, oil and gas, automotive, aerospace, electronics, mining, prin-
ting, textile, paper and other industries [4, 6, 12].

The potential of the electroless nickel coatings increases due to the abi-
lity of easy production of functional composite coatings with incorporated
various hard/soft particles. The application of electroless nickel composite
coatings with particles of different materials, sizes and amounts is very inte-
resting, since this generally leads to the improvement of mechanical and tri-
bological characteristics. Generally, these particles are evenly and thoroughly
distributed throughout the coating, which is firmly bonded to the substrate.
These coatings, therefore, have all of the inherent features of electroless
nickel as well as the properties of whatever particles are selected.

Theoretically, almost any type of particle could be incorporated, as long
as it could withstand the conditions within an electroless nickel bath, and
if it were of the appropriate size. Generally speaking, diamond and silicon
carbide electroless nickel composite coatings are chosen for wear resistance,
while boron nitride and PTFE composite coatings are selected for lubricity.
However, depending on the application, any of these coatings might improve
wear resistance or lubricity [13]. The method of formation, mechanism of
particle incorporation, factors influencing particle incorporation, effect of
particle incorporation on the coating structure, hardness, friction, wear and
corrosion resistance, high temperature oxidation resistance and applications
are discussed elsewhere [14, 15].

This chapter considers solutions for the improvement of the wear re-
sistance and friction properties of working shafts (calenders) involved in the
production of sheet-formed and foliate materials, such as paper, cardboard,
leather, etc. Calender shafts work in dynamic conditions, i.e., in various tem-
perature and contact interaction regimes, and are subjected to severe wear
[16-19]. Usually, their resource is improved through wear resistant thin and
hard Cr coatings. It was shown that enhanced tribological characteristics, es-
pecially abrasive and erosive wear and coefficient of friction, were obtained
by using the electroless nickel composite coatings containing nano-sized par-
ticles of diamond [20, 21], silicon carbide [18, 19, 22-26] and boron nitride
[27]. The idea of the researches was to investigate the influence of different
nanoparticles addition, as well as heat treatment, on the coatings tribological
properties.
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2.2. Materials

The coatings were fabricated by electroless plating process EFTTOM-NICKEL,
developed at Technical University of Sofia [28-31]. Three different types of
nano-sized particles (5-7 vol. %) were incorporated in the nickel (Ni) coatings,
i.e., particles of diamond (D), silicon carbide (SiC) and boron nitride (BN).
Heat treatment was applied to some of the samples to improve its mechan-
ical properties and adhesion in the substrate-coating interface. Applied heat
treatment consists of heating at 300 °C during 6 hours. The substrate mate-
rial for all coatings was a carbon steel Ct3kn (GOST 380-94), with chemical
composition shown in Table 2.1. Hardness of the substrate was 135 HV 0.05.
The roughness of the substrate was examined with mechanical profilometer.
Measurement was performed in at least five points on the surface of coatings
and the average roughness was Ra = 0.089 um.

Table 2.1. Chemical composition (wt. %) of the coated material (substrate)

Element C Si Mn Ni P S Cr Fe

Percentage 0.4 0.20 | 0.55 | 0.30 | 0.45 | 0.045 | 0.30 | Balance

2.2.1. Nickel coatings with diamond (D) nanoparticles

Ten different samples with electroless Ni coatings were investigated. They
can be divided into two series, i.e., samples without and with heat treatment.
In each series there are five samples: 1) coating without diamond nanoparti-
cles; 2) coating with diamond nanoparticles of average size 4 nm; 3) coating
with diamond nanoparticles of average size 100 nm; 4) coating with diamond
nanoparticles of average size 200 nm; 5) coating with diamond nanoparticles
of average size 250 nm. Volume concentration of diamond nanoparticles was
the same in all coatings, i.e., from 5 to 7 vol. %. Designations of tested coa-
tings are shown in Table 2.2. The ultradispersed diamond powder (diamond
nanoparticles) was produced by the detonation synthesis method [20].

Coatings thickness was measured in 5 points on each coating surface,
and the average values are shown in Table 2.2. Measurements of surface
microhardness (HV 0.5) were carried out using Vickers microhardness tester
under the load of 500 g. At least three measurements were made for each
sample in order to eliminate possible segregation effects and to obtain a rep-
resentative value of the material microhardness. Average values are presen-
ted in Table 2.2.
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Table 2.2. Designation and thickness of tested coatings

Sam- Thick- | Micro-
le Designation Description ness, |hardness
P um | HVO.5
1 Ni Electroless Ni coating without nanoparticles 256 543
and heat treatment
. Electroless Ni coating without nanoparticles
HT
2 Ni and with heat treatment 113 251
. Electroless Ni coating with D nanoparticles
3 Ni-D4 of 4 nm size and without heat treatment 232 283
. Electroless Ni coating with D nanoparticles
_DAHT
4 Ni-D4 of 4 nm size and with heat treatment 8.0 243
. Electroless Ni coating with D nanoparticles
> Ni-D100 of 100 nm size and without heat treatment 279 681
. Electroless Ni coating with D nanoparticles
_ HT
6 Ni-D100 of 100 nm size and with heat treatment 71 735
. Electroless Ni coating with D nanoparticles
/ Ni-D200 of 200 nm size and without heat treatment 262 >31
. Electroless Ni coating with D nanoparticles
_ HT
8 Ni-D200 of 200 nm size and with heat treatment 91 787
. Electroless Ni coating with D nanoparticles
? Ni-D250 of 250 nm size and without heat treatment 305 >33
. Electroless Ni coating with D nanoparticles
_ HT
10| Ni-D250 of 250 nm size and with heat treatment 8.7 826

2.2.2. Nickel coatings with silicon carbide (SiC) nanoparticles

Six different samples with electroless Ni coatings were investigated. They can
be divided into two series, i.e., samples without and with heat treatment.
In each series there are three samples: 1) coating without silicon carbide
nanoparticles; 2) coating with silicon carbide nanoparticles of average size
150 nm; 3) coating with silicon carbide nanoparticles of average size 700 nm.
Volume concentration of silicon carbide nanoparticles was the same in all
coatings, i.e., from 5 to 7 vol. %. Designations of tested coatings are shown in
Table 2.3. Samples were tested only on abrasive wear resistance.

Coatings thickness was measured in 5 points on each coating surface,
and the average values are shown in Table 2.3. Measurements of surface
microhardness (HV 0.5) were carried out using Vickers microhardness tester
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Table 2.3. Designation and thickness of tested coatings

Sam- Thick- | Micro-
le Designation Description ness, |hardness
P um | HVO.5
1 Ni Electroless Ni coating without nanoparticles 256 543
and heat treatment
. Electroless Ni coating without nanoparticles
HT
2 Ni and with heat treatment 113 >>1
. Electroless Ni coating with SiC nanoparticles
3 Ni-SIC150 of 150 nm size and without heat treatment 251 493
. Electroless Ni coating with SiC nanoparticles
_ HT
4 | NiSIC150 of 150 nm size and with heat treatment 111 959
e Electroless Ni coating with SiC nanoparticles
> Ni-SIC700 of 700 nm size and without heat treatment 276 642
e Electroless Ni coating with SiC nanoparticles
_ HT
6 | Ni-SiC700 of 700 nm size and with heat treatment 97 832

under the load of 500 g. At least three measurements were made for each
sample in order to eliminate possible segregation effects and to obtain a re-
presentative value of the material microhardness. Average values are pre-
sented in Table 2.3.

2.2.3. Nickel coatings with boron nitride (BN) nanoparticles

Four different samples with electroless Ni coatings were investigated: 1) Ni
coating without BN nanoparticles and without heat treatment (Ni); 2) Ni coa-
ting without BN nanoparticles and with heat treatment (Ni-BN"T); 3) Ni coa-
ting with BN nanoparticles and without heat treatment (Ni-BN); 4) Ni coating
with BN nanoparticles and with heat treatment (Ni-BN""). The average size
of cubic boron nitride (c-BN) nanoparticles was 10 nm, and its volume con-
centration was from 5 to 7%. Designations of tested coatings are shown in
Table 2.4.

Coatings thickness was measured in 5 points on each coating surface,
and the average values are shown in Table 2.4. Measurements of surface
microhardness (HV 0.5) were carried out using Vickers microhardness tester
under the load of 500 g. At least three measurements were made for each
sample in order to eliminate possible segregation effects and to obtain a re-
presentative value of the material microhardness. Average values are pre-
sented in Table 2.4.
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Table 2.4. Designation and thickness of tested coatings

Sam- Thick- | Micro-
le Designation Description ness, |hardness
P um | HVO.5
1 Ni Electroless Ni coating without nanoparticles )56 543
and heat treatment
. Electroless Ni coating without nanoparticles
HT
2 Ni and with heat treatment 11.3 >51
. Electroless Ni coating with BN nanoparticles
3 NI-BN10 and without heat treatment 232 520
4 Ni-BN10"T Electroless Ni cqa‘ung with BN nanoparticles 3.4 545
and with heat treatment

2.3. Experimental details

In order to investigate various influences on tribological properties (abrasive
and erosive wear) of different electroless Ni coatings, two tribological ex-
periments were done with different test equipments. The main goal was to
determine the influence of different nanoparticles addition, as well as heat
treatment.

In addition to the wear data, the hardness of each of tested materials
was determined, as an ancillary mechanical property, to make appropriate
correlations. It is well known that hardness of commercially pure metals
influences its abrasive wear resistance and that higher hardness implies a
higher wear resistance. Khruschov [32] finds out that increase of the wear
resistance depends on the way in which the metal is being hardened (allo-
ying, heat treatment or work-hardening) and that in some cases wear resis-
tance decreases with increase of hardness. The results of other researchers
also show that abrasive wear resistance of quenched and tempered steels
has a much weaker dependency on bulk hardness [33]. The use of hard-
ness as a parameter for predicting the wear behaviour of materials must be
done with caution since these characteristics very often are not in correla-
tion [34].

2.3.1. Abrasive wear testing

Abrasive wear tests were carried out on Taber Abraser (Fig. 2.4) with a modi-
fied standard test conditions (only one abrasive roller was used), in the ambi-
ent air at room temperature. The Taber Abraser generates a combination of
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Fig. 2.4. Taber Abraser testing: (a) schematic diagram; and (b) 3D model

sliding and rolling motion and is primarily used for tests under mild abrasion
condition [35].

A disc sample (1) of 100 mm diameter and 3 mm thickness with coating
(2) is fixed on the horizontal turntable platform, driven with constant rota-
tional speed (n) of 60 rpm by the electric motor (3). Abrasive roller (4), a
Taber abrading wheel Calibrase® CS-10, is mounted on horizontal axis (5) and
provides through weights (6) the necessary normal load (F ). Abrasive roller
(wheel) is driven by the rotating test sample. The wheels produce abrasion
marks that form a pattern of crossed arcs over a circular ring. The width of
the worn area (circular ring) is 12.7 mm, with the inner radius of 31.75 mm
and outer radius of 44.45 mm. Therefore, the distance between the rotatio-
nal axis of disc sample (1) and mass centre of the contact area (K) is 38.1 mm,
and the worn area is approximately 30 cm? [36]. The sliding action between
the coated disc sample and abrasive roller is due to the relative motion be-
tween them which is characterised by the roller slip. This occurs because the
axe of the roller is shifted from the disc sample centre of rotation with the
drifting angle of around 30° [37]. Thus, the average tangential (sliding) velo-
city of the coated disc sample is 0.239 m/s.

Abrasive wear is calculated as a mass loss, i.e. as a difference between
the initial mass of the sample and its mass after given number of abrasion
cycles (N), counted by the counter (pos. 7 in Fig. 2.4). Before and after testing,
the coated disc was degreased and cleaned, and its mass is measured by the
electronic balance with accuracy of 0.1 mg. Normal load of 250 g (2.45 N) was
constant for all tests and coatings. The sliding distance (s) is calculated from
the following equation:
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s =2m-N, (2.4)

where r = 38.1 mm is the distance between the rotational axis of disc sam-
ple and mass centre of the contact area, and N is the number of abrasion
cycles.

Obtained results of the mass loss are shown as a function of sliding dis-
tance, in the form of the comparative wear curves. Wear rate (W) in mg/m is
calculated by fitting the wear curves (it is the slope of wear curve), assuming
that the steady-state wear was from the beginning of the tests (which is com-
mon thing for the abrasive wear). In order of easier comparison of different
coatings, a value of relative wear resistance (R) is also introduced (Eqg. 2.5).
The relative wear resistance (R) is calculated as a ratio of reference sample
wear rate (Wy) and wear rate of the analysed sample (W ), where x and y de-
note the designation number of the sample. Relative wear resistance of the
reference sample is always R = 1.

WV
Ryy =—~. (2.5)

2.3.2. Erosive wear testing

Erosive wear tests were carried out on jet nozzle type erosion equipment
(Fig. 2.5) in the ambient air, at room temperature. This testing utilizes repea-
ted gas-entrained solid particle impingement erosion, and involves a small

Solid particles @
Air

—— supply.
g

A

S

4

Pa rticIe-a:ir
stream |

5

Fig. 2.5. Schematic diagram of erosive wear testing
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nozzle delivering a stream of gas containing solid particles which impacts the
surface of a test specimen.

Solid particles are poured from the reservoir (1) by freefalling to the noz-
zle tube (2). Length of the nozzle is 200 mm, diameter is 8 mm, and exit dia-
meter is 6 mm. Before the tests, solid particles material was sieved through a
set of sieves and dried in an oven for removal of moisture from the particles.
The air stream is provided by the compressed air at controlled pressure, pu-
rified from particles and moisture (3). Air stream also enters the nozzle tube
(2), where the formation of two-phase (particle-air) working stream takes
place. The test sample (4), in the rectangular shape (20 x 25 mm) and 3 mm
thickness, is fixed in a holder (5) attached to the reversing mechanism (6).
With reversing mechanism (6), two working parameters are controlled: (a)
distance of the sample from the nozzle, and (b) impact angle of the particles.
Parameters used in the erosive wear testing (solid particles material, maxi-
mum size of the particles, air stream pressure, particles flow, particles impact
angle, distance between the sample and the nozzle and duration of the test)
were the same for all tested coatings (Table 2.5).

Erosive wear is calculated as a mass loss, i.e., as a difference between
the initial mass of the sample and its mass after the end of test. Before and
after testing, the coated sample was degreased and cleaned, and its mass is
measured by the electronic balance with accuracy of 0.1 mg. Wear rate (W)
is given in mg/min as the mass loss of the sample material divided by the du-
ration of the test. In order of easier comparison of different coatings, a value
of relative wear resistance (R) is also introduced (Eq. 2.5). The relative wear
resistance (R) is calculated as a ratio of reference sample wear rate (Wy) and
wear rate of the analysed sample (W ), where x and y denote the designation
number of the sample. Relative wear resistance of the reference sample is
always R =1.

Table 2.5. Parameters used in the erosive wear testing

Test parameter Value

Solid particles material Black corundum (AlLO,)
Maximum size of the particles 600 um

Air stream pressure 0.1 MPa
Particles flow 166.67 g/min
Particles impact angle 90°

Distance between the sample and the nozzle 10 mm
Duration of the test 3 minutes
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2.4. Results and discussion

2.4.1. Nickel coatings with diamond (D) nanoparticles

Abrasive wear: Abrasive wear of the coatings was determined at various
number of cycles, i.e., at N = 300, 600, 800 and 1000, and corresponding
mass losses are presented in Table 2.6. By calculating the linear wear of the
coatings (which is not presented), it was confirmed that it was lower than the
thickness of all tested coatings.

Using the results from Table 2.6, wear curves are constructed and wear
rates (W) in mg/m are calculated by fitting the wear curves for all tested
coatings. The wear curves for coatings without nanoparticles (Ni and Ni*"T)
are shown in Fig. 2.6 and for coatings with D nanoparticles (Ni-D4, Ni-D4"T,
Ni-D100, Ni-D100"T, Ni-D200, Ni-D200"T, Ni-D250 and Ni-D250") in Figs. 2.7
to 2.10.

The obtained experimental result for coating without heat treatment
and nanoparticles correspond to the result obtained by Krishnamoorthy et
al. [38]. They used four times higher load and the abrasive wear value after
1000 cycles was also approximately four times higher, i.e., 36.7 mg. These au-

Table 2.6. Abrasive wear of tested coatings

Number of cycles (N)
. 300 | 600 | 800 | 1000
Sample dei?;:ar;'gon Sliding distance, m
718 | 1436 | 1915 | 2394
Mass loss, mg
1 Ni 3.3 5.7 6.6 8.7
2 NiHT 1.5 2.5 3.3 3.8
3 Ni-D4 3.2 4.7 5.8 7.3
4 Ni-D4HT 1.8 3.1 3.6 4.3
5 Ni-D100 0.2 0.9 14 1.7
6 Ni-D100"T 0.8 1.3 1.6 1.9
7 Ni-D200 2.7 4.7 5.2 5.9
8 Ni-D200"T 1.0 2.4 2.6 2.8
9 Ni-D250 0.9 2.4 2.7 3.2
10 Ni-D250"T 1.1 1.6 1.9 2.3
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Fig. 2.6. Mass loss vs. sliding distance for coatings without nanoparticles (without
and with heat treatment)

thors found that structural changes occurring in the coatings at various heat
treatment temperatures, during crystallization process, are very important
for the properties of these coatings. They also found that there is optimal
heat treatment temperature, below and above which the properties deteri-
orate. Finding optimal heat treatment temperature is even more difficult for
the electroless nickel composite coatings.

Presence of diamond nanoparticles decreases the abrasive wear. The
heat treatment also leads to reduction of wear for both version of Ni coating
(with and without D nanoparticles). The lowest wear rate of 0.68 x 107> mg/m
is observed for coating Ni-SiC100, i.e. coating with D nanoparticles of 100 nm
size, and without heat treatment. The increase of wear resistance for this
coating was approximately 5.37 times in comparison to coating Ni (coating
without nanoparticles and heat treatment) which shows the highest wear
rate of 3.68 x 102 mg/m. The wear process is more stable for coatings with-
out D nanoparticles, which can be seen from the R? (R-squared) value. Never-
theless, the influence of imbedded D nanoparticles on wear process stability
can be neglected, since generally all R-squared shows acceptable goodness
of fit (R* = 1 is a perfect fit). Presence of short running-in process was noticed
for all coatings.
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Fig. 2.7. Mass loss vs. sliding distance for coatings with diamond nanoparticles of
4 nm size (without and with heat treatment)

2.2
o 20- --B- Coating Ni-D100
S . . HT A
s 18- --A-- Coating Ni-D100
g 1.
o [ |
(%) 1.6
(%]
O
= 14 W =0.84 x 10 > mg/m A

1.2 (R*=0.9930) _-°°

1.0- ’v'

& o
0.8 1 g _
g *" W=0.68x10" mg/m

067 . R (R® = 0.9818)

0.4- '0"

024 ,=~=~ ..-- m

R S S B o S S

0 50 100 150 200 250

Sliding distance, m

Fig. 2.8. Mass loss vs. sliding distance for coatings with diamond nanoparticles of
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Fig. 2.9. Mass loss vs. sliding distance for coatings with diamond nanoparticles of
200 nm size (without and with heat treatment)
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Fig. 2.10. Mass loss vs. sliding distance for coatings with diamond nanoparticles of
250 nm size (without and with heat treatment)
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Influences of heat treatment and addition of nanoparticles on the in-
crease of the abrasive wear resistance are analysed separately and together.
It was done by comparing the wear rates of tested coatings, and it was ex-
pressed by using the relative wear resistance (R). Relative wear resistance (R)
was calculated according to the Equation 2.5. In analysing the influence of
heat treatment, five coatings without heat treatment (samples 1, 3, 5, 7 and
9) were the reference coatings, with the relative wear resistance R = 1, for the
same coatings with heat treatment (samples 2, 4, 6, 8 and 10). In analysing
the influence of nanoparticles addition two coatings without nanoparticles
(samples 1 and 2) were the reference coatings, with the relative wear resis-
tance R = 1, for the corresponding (with or without heat treatment) coatings
with nanoparticles. In analysis of both influences one coating without heat
treatment and nanoparticles (sample 1) was the reference coating, with the
relative wear resistance R = 1, for all other coatings. Calculated relative wear
resistances were presented in Table 2.7.

In order to visually perceive the results shown in Table 2.7, three dia-
grams are presented, showing the influence of heat treatment (Fig. 2.11),

Table 2.7. Relative wear resistance and the influences of heat treatment and addi-
tion of diamond nanoparticles on the increase of abrasive wear resistance of tested
coatings

Relative wear resistance (R)

Sample decs:(i);:arjtigon Wf:; /r;te, Influence of Olfn S:ri'?cclgs Both
heat treatment addition influences

1 Ni 3.68 x 1072 R,=1 R,=1 R,=1
2 NifT 1.68 x 107 R,,=2.19 R,,=1 R,,=2.19
3 Ni-D4 [3.14x102| R,,= R,,=1.17 R,,=1.17
4 Ni-DA"" | 1.91x10?| R, =164 | R,,=0.88 R,,=1.92
5 Ni-D100 |0.68x10?| R, = R, =5.37 R,, = 5.37
6 Ni-D100"™ | 0.84 x 107 Rys=0.82 Rs, =2.00 R, =4.38
7 Ni-D200 |2.74x102| R, = R,,=1.34 R, =1.34
8 Ni-D200"T | 1.32 x 1072 R&7 =2.07 RS,2 =1.27 R&1 =2.78
9 Ni-D250 | 1.41x107 Ry = R,, =2.60 Ry, =2.60
10 Ni-D250"" | 1.02x 107 | R, =138 Ry, =1.64 Ry, = 3.60
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influence of nanoparticles addition (Fig. 2.12), and both influences (Fig. 2.13)
on the increase of abrasive wear resistance of tested coatings. The analysis
of the results shows that the heat treatment principally increases abrasive
wear resistance (Fig. 2.11). Coatings with heat treatment show average wear
resistance increase of 1.62 times, comparing to the same coatings without
heat treatment. An exception is coating Ni-D100, which shows lower wear
resistance when it is heat treated. This is possibly related to increment of the
brittleness of this coating with heat treatment, since fracture processes play
an important role in material removal during abrasion of brittle solids [39].

From Fig. 2.12, it can be noticed that the influence of nanoparticle ad-
dition on abrasive wear resistance was higher than the heat treatment in-
fluence. It can also be noticed that the increase of wear resistance becomes
bigger as the size of nanoparticles increase. An exception is again coating
Ni-D100, regardless the initial treatment condition of the coating (with or
without heat treatment). The average wear resistance increase for coatings
containing nanoparticles was 2.03 times, comparing to the same coatings
without nanoparticles. Combined influences of diamond nanoparticles ad-
dition and heat treatment (Fig. 2.13) produce the best effect on the abrasive
wear resistance increase. Nevertheless, both influences (heat treatment and
diamond nanoparticles addition) on abrasive wear resistance increase are
significant.
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Fig. 2.11. Influence of heat treatment (HT) on the abrasive wear resistance of tested
coatings
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Fig. 2.12. Influence of nanoparticles addition on the abrasive wear resistance of tes-
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Fig. 2.13. Influence of heat treatment (HT) and nanoparticles addition on the abra-
sive wear resistance of tested coatings
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Fig. 2.14. Abrasive wear rate vs. hardness of tested coatings

The relationship between obtained abrasive wear values and hardness

(Table 2.2) of tested coatings is shown in Fig. 2.14. The wear rate generally
decreases as hardness increase, as it could be expected, but it is obvious that
relationship between the abrasive wear and hardness values is questionable
(R* value is very low).
Erosive wear: Experimental results for mass loss and calculated wear rate
for all tested materials are given in Table 2.8. Based on the results given in
Table 2.8, appropriate diagram is drawn for the dependences of wear rate on
diamond nanopatricles size, for coatings without and with heat treatment
(Fig. 2.15).

The obtained experimental results show that the presence of diamond
nanoparticles decreases the erosive wear. Size of the nanoparticles does not
show some significant influence, regardless the initial treatment condition of
the coating (with or without heat treatment). On the other hand, heat treat-
ment seems to improve wear resistance, since heat treated coating in all ca-
ses show lower wear rate than the same coating without heat treatment. The
lowest wear rate of 4.17 mg/min shows coating Ni-D200", i.e., heat treated
coating with nanoparticles of 200 nm size. The increase of wear resistance
for this coating was approximately 3.37 times in comparison to coating Ni
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Table 2.8. Erosive wear of tested coatings

. Cgating Ma§s before Ma.SS after Mass loss, | Wear ra}e,
designation |erosion test, g | erosion test, g mg mg/min
1 Ni 6.3321 6.2900 42.1 14.03
2 NitT 6.3804 6.3559 24.5 8.17
3 Ni-D4 6.2894 6.2638 25.6 8.53
4 Ni-D4"T 6.2172 6.2036 13.6 4,53
5 Ni-D100 6.2278 6.2073 20.5 6.83
6 Ni-D100"T 6.3535 6.3399 13.6 4,53
7 Ni-D200 6.3000 6.2755 24.5 8.17
8 Ni-D200"T 6.2361 6.2236 12.5 4.17
9 Ni-D250 6.2088 6.1840 24.8 8.27
10 Ni-D250"T 6.2465 6.2325 14.0 4.67

(coating without nanoparticles and heat treatment) which shows the highest
wear rate of 14.03 mg/min.

Influences of heat treatment and addition of nanoparticles on the in-
crease of the erosive wear resistance are analysed separately and together.
It was done by comparing the wear rates of tested coatings, and it was ex-
pressed by using the relative wear resistance (R). Relative wear resistance
(R) was calculated according to the Equation 2.5. In analysing the influence
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Fig. 2.15. Dependence of erosive wear rate on diamond nanoparticles size
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of heat treatment five coatings without heat treatment (samples 1, 3, 5, 7
and 9) were the reference coatings, with the relative wear resistance R = 1,
for the same coatings with heat treatment (samples 2, 4, 6, 8 and 10). In ana-
lysing the influence of nanoparticles addition two coatings without nanopar-
ticles (samples 1 and 2) were the reference coatings, with the relative wear
resistance R = 1, for the corresponding (with or without heat treatment) coat-
ings with nanoparticles. In analysing of both influences one coating without
heat treatment and nanoparticles (sample 1) was the reference coating, with
the relative wear resistance R = 1, for all other coatings. Calculated relative
wear resistances were presented in Table 2.9.

In order to visually perceive the results shown in Table 2.9, three dia-
grams are presented, showing the influence of heat treatment (Fig. 2.16),
influence of nanoparticles addition (Fig. 2.17), and both influences (Fig. 2.18)
on the increase of erosive wear resistance of tested coatings.

The analysis of the results shows that the heat treatment increases ero-
sive wear resistance (Fig. 2.16), and that its influence was higher than the
nanoparticle addition influence. Coatings with heat treatment show average
wear resistance increase of 1.77 times, comparing to the same coatings with-
out heat treatment.

Table 2.9. Relative wear resistance and the influences of heat treatment and addi-
tion of diamond nanoparticles on the increase of erosive wear resistance of tested
coatings

Relative wear resistance (R)

Sample| ei?;r?ar;'gon Wrsg;rﬁae, Influence of olfn S::L_?Cizs ~ Both
heat treatment addition influences

1 Ni 14.03 R, =1 R, =1 R, =1
2 NifT 8.17 R,,=172 | R,=1 R,, =172
3 Ni-D4 8.53 R,, = R,,=1.64 R,,=1.64
4 Ni-D4"" 4.53 R,,=188 | R,,=1.80 R,,=3.10
5 | Ni-D100 6.83 R, , = R,,=2.05 R,,=2.05
6 | Ni-D100"" | 4.53 R, =151 | R,,=1.80 R,, =3.10
7 | Ni-D200 8.17 R,, = R, =172 R, =172
8 | Ni-D200" | 4.17 R,,=196 | R,,=1.96 R,, =3.37
9 | Ni-D250 8.27 Ry, = R,,=1.70 R,,=1.70
10 | Ni-D250" |  4.67 Ro,=177 | R,,=175 | R, =3.01
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Fig. 2.18. Influence of heat treatment (HT) and nanoparticles addition on the erosive
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Presence of diamond nanoparticles also increased erosive wear resis-
tance but this increase was less pronounced for all coatings except for coating
Ni-D100 (Fig. 2.17). This coating also showed lower abrasive wear resistance
in heat treated condition (Fig. 2.12), which was related to increment of the
brittleness. The erosive wear results of this coating could be explained with
the nature of coating and testing conditions, since it is well known that brittle
materials show the highest erosive wear at particles impact angle close to 90°
[40]. The average wear resistance increase for coatings containing nanoparti-
cles was 1.80 times, comparing to the same coatings without nanoparticles.
The increase of wear resistance becomes bigger as the size of nanoparticles
increase, and after some nanoparticle size (100 nm for coatings without heat
treatment, and 200 nm for heat treated coatings) starts to become smaller.
This indicates that there is an optimum nanoparticle size for the best erosive
wear resistance. Nevertheless, both influences (heat treatment and diamond
nanoparticles addition) on erosive wear resistance increase are significant,
and their combined influence (Fig. 2.18) produce the best effect on the ero-
sive wear resistance increase.

The relationship between obtained erosive wear and abrasive wear va-
lues of tested coatings is shown in Fig. 2.19. The first feature from Fig. 2.19
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Fig. 2.19. Erosive wear rate vs. abrasive wear rate of tested coatings

is that the erosive and abrasive wear are not in good correlation, since the
R-squared (R?) value is relatively low (R? = 0.58).

Both, abrasive and erosive wear resistance depend on many characte-
ristics and cannot be connected only with hardness, especially for compo-
site materials. Further discussion of the obtained results requires additional
experimental work and analysis of the microstructure and other mechanical
characteristics. In addition, repeatability of the obtained results should be
evaluated, i.e., more replicate tests should be run (especially for the erosive
wear testing) for all materials in order to achieve a higher confidence level in
evaluating test results.

2.4.2. Nickel coatings with silicon carbide (SiC) nanoparticles

Abrasive wear: Abrasive wear of the coatings was determined at various
number of cycles, i.e., at N = 300, 600, 800 and 1000, and corresponding
mass losses are presented in Table 2.10. By calculating the linear wear of the
coatings (which is not presented), it was confirmed that it was lower than the
thickness of all tested coatings.

Using the results from Table 2.10, wear curves are constructed and wear
rates (W) in mg/m are calculated by fitting the wear curves for all tested
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Table 2.10. Abrasive wear of tested coatings

Number of cycles (N)
_ 300 | 600 | 800 | 1000
Sample dei?;:ar;gon Sliding distance, m
718 | 1436 | 1915 | 2394
Mass loss, mg
1 Ni 3.3 5.7 6.6 8.7
2 NiHT 1.5 2.5 3.3 3.8
3 Ni-SiC150 2.2 4.5 5.3 6.0
4 Ni-SiC150M7 1.4 2.6 3.5 4.2
5 Ni-SiC700 2.0 3.3 4.6 5.1
6 Ni-SiC700"7 2.3 3.3 4.1 4.8

coatings. The wear curves for coatings without nanoparticles (Ni and Ni"T)
are previously shown in Fig. 2.6 and for coatings with SiC nanoparticles (Ni-
SiC150, Ni-SiC150"T, Ni-SiC700 and Ni-SiC700"T) in Figs. 2.20 and 2.21.

The obtained experimental results show that the heat treatment de-
creases the abrasive wear, and the decrease was the biggest for the coating
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Fig. 2.20. Mass loss vs. sliding distance for coatings with silicon carbide nanoparti-
cles of 150 nm size (without and with heat treatment)
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Fig. 2.21. Mass loss vs. sliding distance for coatings with silicon carbide nanoparti-
cles of 700 nm size (without and with heat treatment)

without silicon carbide nanoparticles (coating Ni""). The influence of heat
treatment was lower for coating Ni-SiC150"T, and even lower for coating Ni-
SiC700".

Influences of heat treatment and addition of nanoparticles on the in-
crease of the abrasive wear resistance are analysed separately and together.
It was done by comparing the wear rates of tested coatings, and it was ex-
pressed by using the relative wear resistance (R). Relative wear resistance
(R) was calculated according to the Equation 2.5. In analysing the influence
of heat treatment three coatings without heat treatment (samples 1, 3 and
5) were the reference coatings, with the relative wear resistance R = 1, for
the same coatings with heat treatment (samples 2, 4 and 6). In analysing
the influence of nanoparticles addition two coatings without nanoparticles
(samples 1 and 2) were the reference coatings, with the relative wear resis-
tance R =1, for the corresponding (with or without heat treatment) coatings
with nanoparticles. In analysing of both influences one coating without heat
treatment and nanoparticles (sample 1) was the reference coating, with the
relative wear resistance R = 1, for all other coatings. Calculated relative wear
resistances were presented in Table 2.11.
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Table 2.11. Relative wear resistance and the influences of heat treatment and
addition of silicon carbide nanoparticles on the increase of abrasive wear resistance

of tested coatings
Relative wear resistance (R)
Sample deg?;:ar;gon W‘;?;/r;te' InivERER @F pL\nrft]'iliTer;caed(ji— Both influences
heat treatment e
1 Ni 3.68 x 1072 R, =1 R, =1 R, =1
2 Ni"T | 1.68x102| R, =2.19 R,,=1 R,,=2.19
3 Ni-SiC150 | 2.79 x 102 R,;=1 R,; =135 R,; =135
4 Ni-SiC150"T | 1.79 x 10 R,;=151 R,,=0.93 R,;=2.05
5 | Ni-SIC700 | 2.27x102| R, =1 R,,=1.62 R,,=1.62
6 Ni-SiC700"T | 2.15 x 102 Res = 1.06 R;,=0.78 Rs, =1.71

In order to visually perceive the results shown in Table 2.11, three di-
agrams are presented, showing the influence of heat treatment (Fig. 2.22),
influence of nanoparticles addition (Fig. 2.23), and both influences (Fig. 2.24)
on the increase of abrasive wear resistance of tested coatings.
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Fig. 2.22. Influence of heat treatment (HT) on the abrasive wear resistance of tested

coatings
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Fig. 2.24. Influence of heat treatment (HT) and nanoparticles addition on the abra-
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The analysis of the results shows that the heat treatment principally in-
creases abrasive wear resistance (Fig. 2.22), but these increases become low-
er as silicon carbide nanoparticles are added, and even lower as the size of
these nanoparticles become bigger. Coatings with heat treatment show ave-
rage wear resistance increase of 1.59 times, comparing to the same coatings
without heat treatment.

Presence of silicon carbide nanoparticles also leads to increase of abrasive
wear resistance, but only for coatings without heat treatment (Fig. 2.23). This
increase was bigger as the size of these nanoparticles become bigger. The ave-
rage wear resistance increase for these coatings was 1.49 times, comparing to
the same coatings without nanoparticles. As opposed to that, presence of silicon
carbide nanoparticles in heat treated coatings leads to decrease of abrasive wear
resistance (Fig. 2.23). This decrease was bigger as the size of these nanoparti-
cles become bigger. The average wear resistance decrease for these coatings was
0.86 times, comparing to the same coatings without nanoparticles. Combined
influence of silicon carbide nanoparticles addition and heat treatment (Fig. 2.24)
is not favourable, since it leads to the decrease of abrasive wear resistance.

The relationship between obtained abrasive wear values and hardness
(Table 2.3) of tested coatings is shown in Fig. 2.25a. The wear rate generally
decreases as hardness increase, as it could be expected. Exceptions are coa-
tings Ni and Ni"'", i.e. coatings without silicon carbide nanoparticles. Indeed,
coatings with SiC nanoparticles (Fig. 25b) showed good correlation, since the
R-squared (R?) value in this case is relatively high (R? = 0.93).
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Fig. 2.25. Abrasive wear rate vs. hardness of tested coatings: (a) all catings; and
(b) only coatings with SiC nanoparticles
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2.4.3. Nickel coatings with boron nitride (BN) nanoparticles

Abrasive wear: Abrasive wear of the coatings was determined at various
number of cycles, i.e., at N = 300, 600, 800 and 1000, and corresponding
mass losses are presented in Table 2.12. By calculating the linear wear of the
coatings (which is not presented), it was confirmed that it was lower than the
thickness of all tested coatings.

Using the results from Table 2.12, wear curves are constructed and wear
rates (W) in mg/m are calculated by fitting the wear curves for all tested coat-
ings. The wear curves for coatings without nanoparticles (Ni and Ni"") are
previously shown in Fig. 2.6 and for coatings with BN nanoparticles (Ni-BN10
and Ni-BN10"") in Fig. 2.26.

The obtained experimental results show that the presence of boron ni-
tride nanoparticles decreases the abrasive wear. The heat treatment also
leads to reduction of wear for both version of Ni coating (with and without
BN nanoparticles). The lowest wear rate of 0.83 x 102 mg/m is observed
for coating Ni-BN10"", i.e., heat treated coating with BN nanoparticles. The
increase of wear resistance for this coating was approximately 4.42 times in
comparison to coating Ni (coating without nanoparticles and heat treatment)
which shows the highest wear rate of 3.68 x 102 mg/m. The wear process is
stable, since generally all R? (R-squared) value shows acceptable goodness of
fit (R = 1is a perfect fit).

Influences of heat treatment and addition of nanoparticles on the in-
crease of the abrasive wear resistance are analysed separately and together.
It was done by comparing the wear rates of tested coatings, and it was ex-
pressed by using the relative wear resistance (R). Relative wear resistance (R)
was calculated according to the Equation 2.5. In analysing the influence of

Table 2.12. Abrasive wear of tested coatings

Number of cycles (N)
. 300 | 600 | 800 | 1000
Sample dei?;:ar;gon Sliding distance, m
718 | 1436 | 1915 | 2394
Mass loss, mg

1 Ni 3.3 5.7 6.6 8.7

2 NiHT 1.5 2.5 3.3 3.8

3 Ni-BN10 2.0 3.8 4.4 5.5

4 Ni-BN10O"T 0.2 1.0 1.5 2.3
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Fig. 2.26. Mass loss vs. sliding distance for coatings with boron nitride nanoparticles
of 10 nm size (without and with heat treatment)

heat treatment two coatings without heat treatment (samples 1 and 3) were
the reference coatings, with the relative wear resistance R = 1, for the same
coatings with heat treatment (samples 2 and 4). In analysing the influence of
nanoparticles addition two coatings without nanoparticles (samples 1 and
2) were the reference coatings, with the relative wear resistance R = 1, for
the corresponding (with or without heat treatment) coatings with nanoparti-
cles. In analysing of both influences one coating without heat treatment and
nanoparticles (sample 1) was the reference coating, with the relative wear
resistance R = 1, for all other coatings. Calculated relative wear resistances
were presented in Table 2.13.

In order to visually perceive the results shown in Table 2.13, three di-
agrams are presented, showing the influence of heat treatment (Fig. 2.27),
influence of nanoparticles addition (Fig. 2.28), and both influences (Fig. 2.29)
on the increase of abrasive wear resistance of tested coatings.

The analysis of the results shows that the heat treatment increases abra-
sive wear resistance (Fig. 2.27), and that this influence was much higher than
the nanoparticle addition influence. Coatings with heat treatment show ave-
rage wear resistance increase of 2.53 times, comparing to the same coatings
without heat treatment.
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Table 2.13. Relative wear resistance and the influences of heat treatment and ad-
dition of boron nitride nanoparticles on the increase of abrasive wear resistance of
tested coatings

Relative wear resistance (R)
Coating | Wear rate, Influence of
Sample . . Influence of . . .
designation mg/m particles addi- [Both influences
heat treatment .
tion
1 Ni 368x107| R, =1 R,=1 R,=1
2 NifT | 1.68x102| R, =2.19 R,,=1 R,,=2.19
3 Ni-BN10 |2.38x102| R, =1 R,, =154 R,, =154
4 Ni-BN10"T | 0.83 x 1072 R,,=2.86 R,,=2.02 R,,=4.42

Presence of boron nitride nanoparticles also increased wear resistance
(Fig. 2.28), but this increase was less pronounced than heat treatment influ-
ence. The average wear resistance increase for coatings containing nanopar-
ticles was 1.78 times, comparing to the same coatings without nanoparti-
cles. Combined influences of boron nitride nanoparticles addition and heat
treatment (Fig. 2.29) produce the best effect on the abrasive wear resistance
increase. Nevertheless, both influences (heat treatment and boron nitride
nanoparticles addition) on abrasive wear resistance increase are significant.

Relative wear resistance
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Fig. 2.27. Influence of heat treatment (HT) on the abrasive wear resistance of tested

coatings
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Fig. 2.28. Influence of nanoparticles addition on the abrasive wear resistance of tes-
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Fig. 2.29. Influence of heat treatment (HT) and nanoparticles addition on the abra-
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The relationship between obtained abrasive wear values and hardness

(Table 2.4) of tested coatings is shown in Fig. 2.30. There are no correlation
between the wear rate and hardness of coatings (R? = 0.06), since coatings
had similar values of hardness while its wear rate differ significantly. In ad-
dition number of values for the statistical analysis could not be statistically
significant.
Erosive wear: Experimental results for mass loss and calculated wear rate
for all tested materials are given in Table 2.14. The obtained experimental
results show that the presence of boron nitride nanoparticles, as well as heat
treatment, decreases the erosive wear. As a consequence, the lowest wear
rate of 5.40 mg/min shows coating Ni-BN', i.e., heat treated coating with
boron nitride nanoparticles. The increase of wear resistance for this coating
was approximately 2.60 times in comparison to coating Ni (coating without
nanoparticles and heat treatment) which shows the highest wear rate of
14.03 mg/min.

Influences of heat treatment and addition of nanoparticles on the in-
crease of the erosive wear resistance are analysed separately and together.
It was done by comparing the wear rates of tested coatings, and it was ex-
pressed by using the relative wear resistance (R). Relative wear resistance (R)
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Fig. 2.30. Abrasive wear rate vs. hardness of tested coatings
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Table 2.14. Erosive wear of tested coatings

Saiinle CQaﬁng Ma§s before Méss after Mass loss, Wear ra.te,
designation |erosion test, g | erosion test, g mg mg/min
1 Ni 6.3321 6.2900 42.1 14.03
2 NiHT 6.3804 6.3559 24.5 8.17
3 Ni-BN 6.2203 6.1819 38.4 12.80
4 Ni-BNHT 6.2263 6.2101 16.2 5.40

was calculated according to the Equation 2.5. In analysing the influence of
heat treatment two coatings without heat treatment (samples 1 and 3) were
the reference coatings, with the relative wear resistance R = 1, for the same
coatings with heat treatment (samples 2 and 4). In analysing the influence of
nanoparticles addition two coatings without nanoparticles (samples 1 and
2) were the reference coatings, with the relative wear resistance R = 1, for
the corresponding (with or without heat treatment) coatings with nanoparti-
cles. In analysing of both influences one coating without heat treatment and
nanoparticles (sample 1) was the reference coating, with the relative wear
resistance R = 1, for all other coatings. Calculated relative wear resistances
were presented in Table 2.15.

In order to visually perceive the results shown in Table 2.15, three di-
agrams are presented, showing the influence of heat treatment (Fig. 2.31),

Table 2.15. Relative wear resistance and the influences of heat treatment and ad-
dition of boron nitride nanoparticles on the increase of erosive wear resistance of
tested coatings

Relative wear resistance (R)
Coating | Wear rate, Infl f
Sample o . L e
designation| mg/min Ilisiee ef particles addi- |Both influences
heat treatment .
tion
1 Ni 14.03 R,=1 R, =1 R,=1
2 NifT 8.17 R,,=1.72 R,,=1 R,, =172
3 Ni-BN 12.80 R,;= R,,=1.10 R,,=1.10
4 Ni-BN"T 5.40 R,,=2.37 R,,=1.51 R,,=2.60

73



O without HT WM with HT|

237

N

1.72

Relative wear resistance

[EEN

Ni Ni-BN
Tested coating

Fig. 2.31. Influence of heat treatment (HT) on the erosive wear resistance of tested
coatings

influence of nanoparticles addition (Fig. 2.32), and both influences (Fig. 2.33)
on the increase of erosive wear resistance of tested coatings.

The analysis of the results shows that the heat treatment increases ero-
sive wear resistance (Fig. 2.31), and that its influence was higher than the
nanoparticle addition influence. Coatings with heat treatment show average
wear resistance increase of 2.04 times, comparing to the same coatings with-
out heat treatment.

On the other hand, presence of boron nitride nanoparticles also in-
creased wear resistance but this increase was less pronounced (Fig. 2.32).
The average wear resistance increase for coatings containing nanoparticles
was 1.30 times, comparing to the same coatings without nanoparticles. Com-
bined influences of boron nitride nanoparticles addition and heat treatment
(Fig. 2.33) produce the best effect on the erosive wear resistance increase.

The relationship between obtained erosive wear and abrasive wear
values of tested coatings is shown in Fig. 2.34. The first feature from Fi-
gure 2.34 is that the erosive and abrasive wear are in good correlation, since
the R-squared (R?) value is relatively high (R? = 0.89). This proofs that hard-
ness was not the best parameter for predicting the tribological parameters of
these coatings, even for the materials intend to be used in hard conditions
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Fig. 2.32. Influence of nanoparticles addition on the erosive wear resistance of tes-
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with dominant abrasive and erosive wear mechanism. Fig. 2.34 is a good re-
presentation of the influence of heat treatment and/or nanoparticles addi-
tion on the resistance to wear in hard conditions of tested coatings. Addition
of boron nitride nanoparticles improve wear resistance; wear resistance is
even more improved with the heat treatment, and the best wear resistance
is obtained when these two influences are combined, i.e., when the coating
have imbedded nanoparticles and it is heat treated.

2.5. Conclusions

Many influences should be concerned in projecting the tribological properties
of the composite coatings. Some of the important are the reinforcements (its
type, shape, dimension, distribution and amount) and applied heat treatment.
For every specific application and working conditions, there is an optimal va-
lue. Tribological properties (abrasive and erosive wear) of various electroless
nickel composite coatings with nanoparticles were investigated. Three diffe-
rent types of nanoparticles (diamond, silicon carbide and boron nitride), in
the same volume concentration and different sizes, were incorporated in the
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nickel coatings. The same heat treatment was applied to all samples in order
to investigate its influence on abrasive and erosive wear resistance. All com-
posite coatings were compared with nickel coating without nanoparticles.

Heat treatment principally increased abrasive and erosive wear resis-
tance of nickel coatings with diamond (D) nanoparticles. The abrasive wear
resistance increase was approximately 1.62 times, and erosive wear resis-
tance approximately 1.77 times, comparing to the same coatings without
heat treatment. Presence of diamond nanoparticles also increased abrasive
and erosive wear resistance of nickel coatings. The average abrasive wear
resistance increase was 2.03 times, and average erosive wear resistance in-
crease was 1.80 times, comparing to the same coatings without nanoparti-
cles. Combined influences of diamond nanoparticles addition and heat treat-
ment produce the best effect on the abrasive and erosive wear resistance
increase. Generally, but with some exceptions, the increase of abrasive and
erosive wear resistance becomes bigger as the size of diamond nanoparticles
increase. General rule that harder coating have higher abrasive and erosive
wear resistance is valid, but the relationship between abrasive and erosive
wear values and hardness of tested coatings is not linear. Therefore, hardness
could not be the appropriate parameter for abrasive or erosive wear resis-
tance of these coatings.

Nickel coatings with silicon carbide (SiC) nanoparticles showed the lowest
abrasive wear resistance increase comparing with coatings reinforced with
diamond (D) and boron nitride (BN) nanoparticles. Heat treatment increased
abrasive wear resistance by approximately 1.59 times, but this increase be-
comes lower as the size of silicon carbide nanoparticles increase. Presence
of silicon carbide nanoparticles also increased abrasive wear resistance, by
approximately 1.49 times, but only for coatings without heat treatment. This
increase was bigger as the size of these nanoparticles become bigger. As a
consequence, combined influence of silicon carbide nanoparticles addition
and heat treatment for these coatings is not favourable, since it generally
decreases abrasive and erosive wear resistance. The relationship between
obtained abrasive wear values and hardness is more or less linear and, as it
could be expected, the abrasive wear rate generally decreases as hardness
increase.

Heat treatment increased abrasive and erosive wear resistance of nickel
coatings with boron nitride (BN) nanoparticles. The abrasive wear resistance
increase was approximately 2.53 times, and erosive wear resistance approxi-
mately 2.04 times, comparing to the same coatings without heat treatment.
Presence of boron nitride nanoparticles also increased abrasive and erosive
wear resistance of nickel coatings, but this increase was less pronounced than
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heat treatment influence. The average abrasive wear resistance increase was
1.78 times, and average erosive wear resistance increase was 1.30 times,
comparing to the same coatings without nanoparticles. Combined influences
of boron nitride nanoparticles addition and heat treatment produce the best
effect on the abrasive and erosive wear resistance increase. Correlation of any
kind between obtained abrasive wear values and hardness of tested coatings
could not be established, since coatings had similar values of hardness while
their wear rates differ significantly. On the other hand, relationship between
obtained erosive wear and abrasive wear values of tested coatings is almost
linear, i.e. they are in good correlation. This proofs that hardness was not the
best parameter for predicting the tribological parameters of these coatings.
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Chapter 3

FERROUS-BASED COATINGS HARDFACED
BY GAS METAL ARC WELDING (GMAW)

3.1. Introduction

Hardfacing by gas metal arc welding (GMAW) technique belongs to the arc
welding group, and externally provided shielding gas subgroup. In hardfacing
by arc welding, the heat from an electric arc is used to melt the coating mate-
rial onto the substrate surface. The electric arc is developed by impressing a
voltage between an electrode and the substrate. The voltage required to sus-
tain the arc varies with the distance between the electrode and substrate and
with the arc welding technique. The coating (filler) material is provided by the
electrode used to form the arc or can be externally introduced into the arc.
Arc welding processes in which the filler derives directly from the electrode
are sometimes referred to as consumable electrode processes. Arc welding
processes in which the filler is externally introduced into the arc are some-
times referred to as nonconsumable electrode processes. As a rule, noncon-
sumable electrode processes are accomplished at lower power requirements
than are consumable electrode processes, resulting in less dilution and lower
deposition rates [1]. Consumable and nonconsumable electrode hardfacing
processes both require that the filler materials be protected from oxidation
as they are melted and joined to the substrate surface.

GMAW sometimes referred to by its subtypes metal inert gas (MIG)
welding or metal active gas (MAG) welding is a consumable electrode hard-

Depositing
Electric arc direction
Melted coating
(melt pool) Contact tube (wire guide)
Solidified Filler material (wire)

Shielding gas
Substrate material

coating

Fig. 3.1. Schematic drawing of the hardfacing by gas metal arc welding (GMAW)
technique
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facing process in which the filler material and substrate surface are protected
by a flowing shielding gas (carbon dioxide, argon, or helium), either singly or
in combination with a small amount of oxygen (Fig. 3.1). Shielding is provi-
ded by an externally supplied shielding gas. MIG welding means the use of an
inert (i.e. non active) gas, and MAG welding requires the use of an active gas
(i.e. carbon dioxide and oxygen).

The deposition rates are generally high (0.9-5 kg/h). Minimum coating
thickness is 1.6 mm, and deposit efficiency is 90-95%. The dilution range
is wide (10-40%) and depends on the applied technique and used gas for
shielding, so the obtained hardness of the coatings are also in wide range [1].
Required hardness can be obtained in the first layer already (Fig. 3.2).

Gas-metal arc hardfacing wires can be deposited in either spray-arc or
short-arc modes. The spray-arc mode produces a continuous stream of drop-
lets about the same diameter as the hardfacing wire. Deposition rates are
high, as is dilution. To avoid deformation of the part, cracking, warping, or
other heat damage, a GMAW deposition is typically applied with a short-arc
mode (sometimes called “skip” hardfacing). In this process, material is ap-
plied in short intervals along the surface to be coated, leaving equal spaces of
uncoated substrate. These uncoated areas are then coated during a second
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Fig. 3.2. Hardness variation as a function of distance from the hardfaced surface
(MIG; hardfacing; shielding gas: Ar + 0,; substrate: steel X6 CrNiTi 18-10; filler ma-
terial: Co-Cr-W)
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pass across the substrate. In the short-arc mode, lower voltages are used, and
there are less dilution compared with spray-arc mode.

Hardfacing by GMAW technique is one of the most widely used. The
advantage of hardfacing by GMAW is that it is suitable for semiautomatic
hardfacing, and the versatility of the process lends itself to the hardfacing of
complex shapes. In addition, coating is visible at all times, thereby enabling
high-quality deposits. Another advantage is that since it uses shielding gas,
there is no slag and no slag removal is required (faster cleanup). On the other
hand, disadvantages of GMAW are: relatively high dilution in spray-arc mode,
the equipment is expensive and non-portable, and the use of auxiliary shiel-
ding gases adds to the cost of hardfacing by GMAW. However, the higher cost
is generally offset by the higher coating quality associated with GMAW.

This chapter considers solutions for the regeneration (repair or build-up
coatings) of equipment used in road construction, agricultural and mining
industry, which are exposed to heavy-duty operating conditions, under the
impact loads in abrasive and corrosive environment. The presented results
consider optimisation of the deposition parameters for various ferrous-based
coatings, based on the minimization of the mechanical treatment (machining)
of the obtained coatings through the selected geometrical parameters. After
the optimisation, wear resistance of the obtained coatings were investigated
and analysed. The idea of the researches was to compare different coatings ac-
cording to their wear resistance under conditions of abrasive wear, and under
conditions of abrasive wear induced vibrations (vibro-abrasive wear). In addi-
tion, influences of normal load and vibration velocity were also investigated.

3.2. Materials

3.2.1. Chemical compositions

The substrate material for all coatings was a low-carbon steel, with chemi-
cal composition shown in Table 3.1. Hardness of the substrate was between
193.6 and 219.5 HV.

Five different commercial coating (filler) materials from different manu-
facturers have been used in experiments, and their chemical compositions
are shown in Table 3.2.

Table 3.1. Chemical composition (wt. %) of the coated material (substrate)

Element C Si Mn Ni P S Cr Fe
Percentage | 0.15 0.21 0.8 0.30 | 0.011 | 0.025 | 0.30 |Balance
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Table 3.2. Designation, form and chemical composition (wt. %) of the coating (filler)
materials

Coating (filler) material Element, wt. %
Designation  |Product form C | Cr |[Mn|Mo|W/| Si |Nb Fe
UTP DUR 350 |Covered electrode (0.2 |1.8 [1.4 - - |1.2 | — |[Balance
EH 550 Covered electrode [0.509.00{0.40| - - |2.40| - |[Balance
LNM 420FM  |Solid wire 0.5 (9.0 |04 - - |3.0 | — |[Balance
Fluxofil 58 Cored wire 0.45(5.50|1.60|0.60| — |0.60| — |Balance
Wearshield 70 |Covered electrode [4.2 (18 - |85 [7.0|2.7 |9.0 |Balance

UTP DUR 350 is the commercial brand names of Béhler Welding (covered
electrode EN 14700 E Fel). It is particularly suited for wear resistant hard-
facing on Mn-Cr-V alloyed parts, such as frogs, track rollers, chain support
rolls, sprocket wheels, guide rolls, etc. This coating has a very good resistance
against compression and rolling strain in combination with slight abrasion [2].

EEH 550 is covered electrode of the unknown manufacturer, which is
very similar to UTP DUR 600, a commercial brand names of Bohler Welding
(covered electrode EN 14700 E Fe8). UTP DUR 600 is universally applicable
for cladding on parts of steel, cast steel and high Mn steel, subject simulta-
neously to abrasion, impact and compression. Typical application fields are
the earth moving and stone treatment industry, e.g. excavator teeth, bucket
knives, crusher jaws and cones, and mill hammers, but also for cutting edges
on cold cutting tools [2].

LNM 420FM is the commercial brand name of Lincoln Electric (solid wire
EN 14700 S Fe8). Typical applications are for wear resistant hardfacing of dies,
parts for agricultural machinery, transport rolls and sand pumps. This coating
has a high resistance against corrosion, abrasion and impact deformation [3].

Fluxofil 58 is the commercial brand name of Oerlikon (cored wire EN
14700 T Fe8). This Cr-Mo alloyed wire has high abrasion resistance and is
suitable for hardfacing of wear parts, such as excavator parts, scraper blades,
dipper teeth, worm conveyors, beaters, crusher jaws, crusher cones, screw
conveyors, mixer blades, and plough tips, subjected to heavy wear. The weld
metal is tough, free of cracks and therefore resistant to shock and impact [4].

Wearshield 70 is the commercial brand name of Lincoln Electric (covered
electrode EN 14700 E Fel6). It is a highly alloyed electrode that produces
carbide coatings. Typical microstructure of these coatings consists mainly of
chromium carbides with other carbides of molybdenum, niobium, tungsten
and vanadium in an austenite-carbide eutectic matrix. It is designed for ap-
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plications of high stress abrasion (crushing of abrasive particles), severe abra-
sion and abrasion at elevated temperatures (> 760 °C). Typical applications
include: augers, cement crushers, furnace chains, screw conveyors, etc. [3].

3.2.2. Optimisation of the deposition parameters
and deposition conditions

Dilution of the coating (filler) material in hardfacing, among others, depends
on the chosen hardfacing parameters, which are numerous. Table 3.3 details
the effect of some of the hardfacing parameters on dilution.

Four different parameters were varied in the optimisation of the depo-
sition parameters, i.e., current intensity (amperage), electric power (vol-
tage), deposition speed, and electrode extension. These parameters also in-

Table 3.3. The effect of hardfacing parameters on dilution [5, 6]

Influence

Parameter Change in variable of change

on dilution

Amperage and/or current density Lower Decreases

Direct current electrode negative| Decreases

Electrode polarity Direct current electrode positive | Increases

Alternating current Intermediate

Arc length Greater Decreases

Electrode diameter Smaller Decreases
Electrode extension

(for consumable electrode Higher (longer) Decreases

processes)
Filler metal feed rate Higher Decreases

Bead spacing or pitch

. More overlap Decreases
(overlapping)

Greater width and/or frequency

Electrode oscillation of electrode oscillation Decreases
Travel speed (deposition speed) Lower Decreases
Vertical up (forehand welding) Highest
. . Downbhill Higher
Hardfacing position -
Uphill Lower

Vertical up (backhand welding) Lowest

Shielding medium More Decreases
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Fig. 3.3. Influence of different deposition parameters on shape and geometry of the
hardfaced coating: (a) influence of amperage, (b) influence of voltage, and (c) influ-
ence of deposition speed

fluence the shape and geometry of the hardfaced coating, and characterize
the efficiency and quality of the hardfacing repair process. With increased
amperage the arc becomes hotter, it penetrates more deeply, and more
base metal melting occurs, so the dilution is increased (Fig. 3.3a). Electric
power (voltage) has low influence on penetration depth and dilution, but
affects significantly the geometry, i.e., weld bead width (Fig. 3.3b). Higher
power values are more suitable for hardfacing. A decrease in travel (depo-
sition) speed decreases the amount of base material melted and increases
the amount of filler material added per unit time or distance (feed rate),
thus decreasing dilution. This reduction in dilution is brought about by the
change in bead shape and thickness (Fig. 3.3c) and by the fact that the arc
force is expended on the weld pool rather than the base metal. A longer
electrode extension decreases dilution by increasing the melting rate of the
electrode (Joule heating, P = I’R) and diffusing the energy of the arc that
impinges base material.

Optimisation of the deposition parameters was directed toward minimi-
zation of the mechanical treatment (machining) of the obtained coatings. For
that purpose three geometrical parameters were analysed, i.e., hardfacing
cap height (H) and width (B) and limit tolerance for mechanical treatment
(H— h), as shown in Fig. 3.4. Optimal deposition parameters were obtained
after a full factorial experiment which is described elsewhere [7-9].

Equipment used for coatings deposition is presented in Fig. 3.5. All coa-
tings were deposited by hardfacing in a multiple pass (three layers). The depo-
sition of the filler materials, to produce the corresponding coatings, is done
with the deposition speed of 0.6 m/min (5 rpm) and electric current of 210
A and 21.5 V. Electrode extension was 16 mm. Shielding (protecting) gas was
a two-component mixture comprising 83% argon and 17% carbon dioxide.
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Fig. 3.4. Geometrical parameters of the GMAW coatings: (a) without overlapping,
and (b) with overlapping [7]

K
ity

Fig. 3.5. Equipment utilized in the coatings deposition: (a) power supply, (b) wire
feeder (YT5), (c) substrate holder (lathe), and (d) device for electronic control of
lathe speed and gas torch [9]

87



3.2.3. Microstructures and hardness

Microstructural characterizations of coatings were performed on the
cross-section of the samples, by means of optical microscopy. Samples hard-
faced with UTP DUR 350 and Wearshield 70 coatings were etched in a 4%
of nitric acid solution in ethanol, and other samples were etched by Vilella’s
reagent (1 g of picric acid, 5 ml of hydrochloric acid and 100 ml of ethanol)
[10]. The microstructures of the obtained coatings are shown in Fig. 3.6, and
the description of the microstructures in Table 3.4.

Fig. 3.6. Microstructure properties of tested coatings: (a) UTP DUR 350, (b) EH 550,
(c) LNM 420FM, (d) Fluxofil 58, and (e) Wearshield 70 [9]
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Table 3.4. Description of the microstructures and measured hardness [9]

Coating designation Microsctructure Hardness HRC
UTP DUR 350 Bainite 40
EH 550 Martensite and Cr carbides 60
LNM 420EM Martensite and Cr c§rb|des in the compound 58

of pearlite structure
Fluxofil 58 Martensite and Cr carbides 60
Wearshield 70 Complex W-Mo and Nb carbides and eutecti- 63

cum

Measurements of surface hardness (HRC) were carried out using Rock-
well hardness tester. At least three measurements were made for each sam-
ple in order to eliminate possible segregation effects and to obtain a repre-
sentative value of the material hardness. The results are shown in Table 3.4.

3.3. Experimental details

In order to compare different hardfaced coatings and to investigate various
influences on their tribological properties (abrasive and vibro-abrasive wear),
two tribological experiments were done with similar test equipments. The
main goal was to compare different coatings, as well as, to investigate and
analyse influences of normal load and vibration velocity on wear resistance
of these coatings.

Abrasive wear is one of the most common types of wear, since more
than 50% of all wear-related failures of industrial equipment are caused by
abrasive wear [11]. The equipment used in road construction, agricultural
and mining industry is exposed to heavy-duty operating conditions, under
the impact loads in abrasive and corrosive environment. This means that
this equipment always operate under lower of higher amount of vibration
load caused by various reasons. Vibrations in most cases intensify the wear
processes, which affects in turn the vibration parameters [12, 13]. High
changes in the operation regime can cause resonance effects, which result
in speed up of fatigue and wear mechanisms [14]. One of the basic ways
to diminish the vibration affect on wear, and wear itself is wear resistance
improvement of contact surfaces through coatings [15]. Regeneration (re-
pair) of the equipment used in road construction, agricultural and mining
industry, which is exposed to heavy-duty operating conditions, is mainly by
hardfacing coating [16].
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3.3.1. Abrasive wear testing

Abrasive wear tests were carried out on pin-on-drum tribometer according
to the standard test method for pin abrasion testing (ASTM G 132), in the
ambient air at room temperature. A schematic diagram of pin-on-drum tri-
bometer is presented in Fig. 3.7.

Vertical cylindrical specimen (3) with deposited coating (4) is positioned
perpendicularly to the impregnated corundum abrasive paper (5) with grain
size of 125 um (P120 grit). The abrasive paper is fastened to, and supported
by a horizontal cylinder (2). The cylinder, driven by AC motor (1), rotates with
given constant rotational speed about its horizontal axis. Specimen (3) is fixed
in the loading head (6) though elastic connection, which allow self-adjust-
ment of the specimen to the abrasive paper (5) and provide possibility for ro-
tation of the specimen around its vertical axis. The loading head (6) engages
the static rack bar (7) through the horizontal gear ring, providing worm drive
and rotation of the specimen around its vertical axis. Static rack bar also pro-
vides horizontal movement (L) of the loading head and test specimen (3). In
this way a helical wear track is formed. Rotation of the specimen around its
vertical axis provides the homogeneous wear in all points of the contact area.
Cleaning of the abrasive paper (5) from wear debris is done by an appropriate
brush fixed to the loading head (6), together with a vacuum pump. The nor-
mal load (F ) is given by means of dead weights (8).
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Fig. 3.7. Schematic diagram of abrasive wear testing on pin-on-drum tribometer (1 —
AC motor; 2 —drum (horizontal cylinder); 3 — pin (specimen); 4 — coating; 5 — abrasive
surface (abrasive paper); 6 — loading head; 7 — static rack bar; 8 — loading weights)
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Fig. 3.8. Schematic diagram of the specimen sliding velocities

Due to the horizontal movement of the specimen and rotation of the
cylinder (helical wear track), sliding velocity (v) of the specimen has two com-
ponents (v_and vy) which, in accordance with Fig. 3.8, are defined as follows:

L nm
vx=?;vy=r-w=r%;v=1/v§+v§, (3.1)

where L = 0.6 m is the horizontal length of the specimen path in one cycle, t
is the duration of one cycle (time in which the specimen travels the length L),
r =0.075 m is the cylinder radius, and n = 40 rpm is the rotational speed of
the cylinder.

The sliding distance (s) is calculated from the following equation:

s=v-t-N, (3.2)
where N is the number of cycles.

Two experiments were conducted in the abrasive wear test. In the first
experiment the normal load of 0.40 kg (3.92 N) was constant. Taking into
account the assumed contact area (specimen cross-section area) of approxi-
mately 1.77 cm? (diameter of the cylindrical test specimens was 15 mm), the
specific load was 2.22 N/cm?. Duration of one cycle (t) was 137 s, and there
were five cycles as in total (N = 5). The sliding velocity and sliding distance,
calculated according to the Equations 3.1 and 3.2, were: v=0.31 m/sand s =
215.22 m.

91



In the second experiment four different normal loads were applied: 0.82
kg (8.04 N), 1.46 kg (14.32 N), 2.26 kg (22.16 N), and 3.14 kg (30.79 N). Taking
into account the assumed contact area of approximately 1.77 cm? (diameter
of the cylindrical test specimens was the same), the specific load were: 4.55,
8.10, 12.54, and 17.43 N/cm?, respectively. Duration of cycle (t) was 78 s, and
there was only one cycle (N = 1). The sliding velocity and sliding distance,
calculated according to the Equations 3.1 and 3.2, were: v=0.31 m/sand s =
24.51 m.

Abrasive wear is calculated as a mass loss, i.e., as a difference between
the initial mass of the specimen and its mass after appropriate sliding time
(t). Before and after testing, the specimen was degreased and cleaned, and
its mass is measured by the electronic balance with accuracy of 0.1 mg. The
abrasive wear is presented and analysed through the mass wear rates and
relative wear resistances (experiment 1) and through the mass wear rates and
specific wear rates (wear factors) of the coatings (experiment Il).

3.3.2. Vibro-abrasive wear testing

Vibro-abrasive wear tests were carried out on the modified pin-on-drum tri-
bometer which is used for abrasive wear tests without vibrations. The tests
were performed in the ambient air at room temperature. A schematic dia-
gram of modified pin-on-drum tribometer is presented in Fig. 3.9.

Vertical cylindrical specimen (3) with deposited coating is positioned
perpendicular to the impregnated corundum abrasive paper (5) with grain
size of 125 um (P120 grit). The abrasive paper is fastened to, and supported
by a horizontal cylinder (2). The cylinder, driven by AC motor (1), rotates with
given constant rotational speed about its horizontal axis. Specimen (3) is fixed
in the loading head (4) though elastic connection, which allow self-adjust-
ment of the specimen to the abrasive paper (5) and provide possibility for ro-
tation of the specimen around its vertical axis. The loading head (4) engages
the static rack bar (7) through the horizontal gear ring (6), providing worm
drive and rotation of the specimen around its vertical axis. Static rack bar also
provides horizontal movement (L) of the loading head and test specimen (3).
In this way a helical wear track is formed. Rotation of the specimen around its
vertical axis provides the homogeneous wear in all points of the contact area.
Cleaning of the abrasive paper (5) from wear debris is done by an appropriate
brush fixed to the loading head (4), together with a vacuum pump.

Due to the horizontal movement of the specimen and rotation of the
cylinder (helical wear track), sliding velocity (v) of the specimen has two com-
ponents (v _and vy) which, in accordance with Fig. 3.8, are defined in Equation
3.1. The sliding distance (s) is calculated from the Equation 3.2.
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Fig. 3.9. Schematic diagram of vibro-abrasive wear testing on modified pin-on-
drum tribometer: 1 — AC motor; 2 — drum (horizontal cylinder); 3 — pin (specimen)
with coating; 4 — loading head; 5 — abrasive surface (abrasive paper); 6 — gear
ring; 7 — static rack bar; 8 — specimen fastening mechanism; 9 — vibrating frame;
10 — loading weights; 11 — vibrator; 12 — vibrator supporting structure with driv-
ing mechanism; 13 — on/off button of the vibrator; 14 — regulator of vibrations
parameters

Modification of the standard pin-on-drum tribometer is done by ad-
ding of the vibration frame (9), which is fastened through the appliance (8)
to the loading head (4) and test specimen (3). The normal load (F ) is gi-
ven by means of dead weights (10). Vertical vibrations, along the axis of the
specimen, are provided by the vibrator (11). The vibrator is mounted on the
supporting structure (12), which provides translational movement of the vi-
bration frame (9), simultaneously with the loading head (4) and the spec-
imen (3), parallel to the cylinder (2). Switch-on of the vibrator is given by
the button (13), and the vertical vibration velocity by the regulator (14). The
vibration regulator (14) allows setting of various values of vertical vibration
velocity (w) in the interval 3 <w, <20 mmy/s. This interval is selected in ac-
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cordance with the ISO standard for evaluation of vibration severity in ma-
chines and equipment [17].

Vibration parameters: vibration displacement in mm; vibration velocity
in mm/s; and vibration acceleration in mm/s? are measured by the vibration
meter PCE-VT 204. Only the vibration velocity parameter is used and presen-
ted in this study. The Table 3.5 shows the measured values of the vibration
velocity in three directions (Fig. 3.10a): vertical (z axis), i.e., vertical vibra-
tion velocity (w ), axial (x axis), i.e., axial vibration velocity (w ) and horizontal
(v axis), i.e., horizontal vibration velocity (wy). Relationship between mea-
sured velocity components is shown in Fig. 3.10b. Total vibration velocity (w),
in accordance with Fig. 3.104q, is calculated as follows:

W= Wi +w) +w? (3.3)

As it can be seen from Table 3.5, testing was performed with five diffe-
rent vibration velocities, as well as tests without vibration, for all coatings.
Other parameters were also the same for all coatings. The normal load of
0.40 kg (3.92 N) was constant. Taking into account the assumed contact area
(specimen cross-section area) of approximately 2.27 cm? (diameter of the
cylindrical test specimens was 17 mm), the specific load was 1.73 N/cm?. Du-
ration of one cycle (t) was 156 s, and there was only one cycle (N = 1). The
sliding velocity and sliding distance, calculated according to the Equations 3.1
and 3.2, were: v=0.31 m/s and s = 49.01 m.

Vibro-abrasive wear is calculated as a mass loss, i.e., as a difference be-
tween the initial mass of the specimen and its mass after appropriate sliding
time (t). Before and after testing, the specimen was degreased and cleaned,
and its mass is measured by the electronic balance with accuracy of 0.1 mg.
The vibro-abrasive wear is presented and analysed through the mass wear
rates and relative wear resistances of the coatings.

Table 3.5. Values of the vibration velocity components and total vibration velocity

Reference position on the vibration regulator
Vibration velocity
1 5 7 9 10
w, mm/s 3 6 9 16 20
w, mm/s 0.4 0.6 0.9 3.8 4.4
w, mm/s 0.2 0.35 0.8 3.8 5
w, mm/s 3.03 6.04 9.08 16.88 21.08
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Fig. 3.10. Vibration measurements: (a) directions of measured velocity components,
and (b) relationship between measured velocity components

3.4. Results and Discussion

3.4.1. Abrasive wear testing

In the first experiment, the one with the constant normal load, the abrasive
wear of coatings was determined at five different sliding times (sliding dis-
tances), i.e. at 137, 274, 411, 548 and 685 s. The corresponding mass losses
are presented in Table 3.6.

Obtained results of the mass losses are also shown as a function of sliding
distance, in the form of the comparative wear curves. Wear rate (W) in mg/m
is calculated by fitting the wear curves (it is the slope of wear curve), assum-
ing that the steady-state wear was from the beginning of the tests (which is
common thing for the abrasive wear). The wear curves for coatings UTP DUR
350 and EH 550 are shown in Fig. 3.11, for coatings LNM 420FM and Fluxofil
58 in Fig. 3.12, and for coating Wearshield 70 in Fig. 3.13.

The lowest wear rate of 4.81 x 102 mg/m is observed for coating Wearsh-
ield 70. The increase of wear resistance for this coating was approximately
12.8 times in comparison to coating EH 550 which shows the highest wear
rate of 6.16 x 10 mg/m. Presence of running-in process was noticed for
coating LNM 420FM. Nevertheless, abrasive wear process is stable for all de-
posited coatings, which can be seen from the R? (R-squared) value, since gen-
erally all R-squared shows acceptable goodness of fit (R = 1 is a perfect fit).

Comparison of different hardfaced coatings were analysed by comparing
its relative wear resistance values. The relative wear resistance is calculated
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Table 3.6. Abrasive wear of tested coatings (experiment |)

Sliding time, s

' 137 | 274 | 411 | 548 | 685
dei(i)gar?ar‘:'igon Sliding distance, m
430 | 861 | 1291 1722 | 2152

Mass loss, mg
UTP DUR 350 25 38 55 95 120
EH 550 30 58 80 108 128
LNM 420FM 35 64 85 95 115
Fluxofil 58 25 40 52 65 75
Wearshield 70 4 5 6 8 10

as a ratio of reference specimen wear rate and wear rate of the analysed
specimen, where the specimen with the lowest hardness (coating UTP DUR
350) was taken as a reference specimen (relative wear resistance of this spec-
imen is always equal 1). Calculated relative wear resistances are presented in
Fig. 3.14.
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Fig. 3.11. Mass loss vs. sliding distance for coatings UTP DUR 350 and EH 550
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Fig. 3.12. Mass loss vs. sliding distance for coatings LNM 420FM and Fluxofil 58
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Fig. 3.14. Comparative values of relative wear resistance of tested coatings

First three coatings (UTP DUR 350, EH 550 and LNM 420FM) showed
similar abrasive wear resistance. Coatings EH 550 and LNM 420FM have Cr
carbides in their microstructure, which increased their hardness, but the dis-
tance between them was relatively high (they are distributed on the spher-
ical grain boundaries), so their reinforcing effect was small. Coating Fluxofil
58 had martensite structure with elongated grains. In addition, this coating
also had Cr carbides which were well distributed and together with elongated
and randomly oriented grains provided somewhat higher abrasive wear re-
sistance. The highest abrasive wear resistance of coating Wearshield 70 (one
order of magnitude higher than other coatings) is most probably due to the
presence W-Mo carbides [18] and particularly due to the presence of the
small, well distributed Nb carbides [19].

The relationship between obtained abrasive wear values and hardness
(Table 3.4) of tested coatings is shown in Fig. 3.15. It could be noticed that
the hardest coating (Wearshield 70) shows highest wear resistance as well,
but from the other coatings results, it is obvious that relationship between
the abrasive wear and hardness values of any kind did not exist. This could
be seen from the R? (R-squared) value, since it was very low (R? = 0.16), no
matter that the number of values for the statistical analysis could not be sta-
tistically significant.
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Fig. 3.15. Abrasive wear rate vs. hardness of tested coatings

The relationship shown in Fig. 3.15 confirms the fact that the use of
hardness as a parameter for predicting the abrasive wear behaviour of mate-
rials must be done with caution. For instance wear mechanisms of hardfacing
coatings represent a more complex form of wear processes due to their inho-
mogeneous structure. For pure metal and single phase material, wear is ge-
nerally inversely proportional to the hardness. However, for the multiphase
alloy, the microstructure also contributes a significant effect on the wear of
the material [20, 21]. The results of other studies have also shown that abra-
sion wear resistance of quenched and tempered steels has much weaker de-
pendency on the bulk hardness [22].

In the second experiment, with variable normal loads, the abrasive wear
of coatings was determined at four different specific loads, i.e. at 4.55, 8.10,
12.54 and 17.43 N/cm?. The corresponding mass losses are presented in Ta-
ble 3.7.

Corresponding wear rates of the coatings, for different specific loads,
were calculated from the obtained results of the mass loss shown in Ta-
ble 3.7 and calculated sliding distance of 24.51 m. Wear rates are presented
in Fig. 3.16 (coatings UTP DUR 350, EH 550 and LNM 420FM) and Fig. 3.17
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Table 3.7. Abrasive wear of tested coatings (experiment Il)

Normal load, N
. goa | 1432 | 2216 | 3079
dei(i);:ar‘t'igon Specific normal load, N/cm?
455 | 810 | 1258 | 1743
Mass loss, mg
UTP DUR 350 70 80 110 140
EH 550 80 130 190 260
LNM 420FM 94 110 180 240
Fluxofil 58 10 8 6 8
Wearshield 70 7 3 2 2

(coatings Fluxofil 58 and Wearshield 70). This wear rates are total wear rates,

since it were calculated from the total mass losses.

First three coatings (UTP DUR 350, EH 550 and LNM 420FM) follow the
expected behavior of materials, i.e., with the increase of specific load, the
wear rate also increases. This increase is almost linear, which suggest that
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Fig. 3.16. Abrasive wear rates at different specific loads for coatings UTP DUR
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Fig. 3.17. Abrasive wear rates at different specific loads for coatings Fluxofil 58
and Wearshield 70

there was no the transition of the wear regime [23]. However, values for coa-
tings Fluxofil 58 and Wearshield 70 deviate from this trend, and uncommon
behavior is noticed, i.e., with the increase of specific load, the wear rate de-
creases. This is, most probably, because the wear values for coatings were
small as well as the sliding distance, so the deviations of the results are pos-
sible (especially for heterogeneous materials and dry sliding conditions). In
addition, there was only one test performed for each specific load.

In order to except the influence of normal load and to compare the abra-
sive wear results with the results from the literature, wear factor (specific
wear rate) were also calculated and shown in Table 3.8. Specific wear rate is
a parameter that is used for comparison of the materials with different hard-
ness. It is also used when the wear of harder material in contact is analyzed
[24], since well-known Archard equation takes hardness of the softer contact
surface. Specific wear rate in mg/Nm is calculated as a ratio of wear rate and
normal load.

By presuming that the approximate density of all coatings is 7.5 g/cm?,
it is easy to calculate the wear factor in mm3*/Nm and compare it with the
results from the literature. Calculated wear factor values are ranged from 6.6
x 107 to 4.9 x 1072 mm3/Nm. These values correspond to the literature data
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Table 3.8. Specific abrasive wear of tested coatings (experiment Il)

Specific normal load, N/cm? Average
Coating 4.55 810 | 1254 | 17.43 specific
designation wear¥*,
Specific wear, mg/Nm mg/Nm
UTP DUR 350 3.55x 10t |2.28%x 10" | 2.02x10* | 1.85x107"| 2.43x 10"
EH 550 406x101|3.70x101|3.50x 10t | 3.44%x 10| 3.68 x 10
LNM 420FM 477 %101 |3.13x10?1|3.31x1071|3.18x10* | 3.60x 10
Fluxofil 58 5.07x1072% | 2.28x102| 1.10x102| 1.06 x 102 | 1.48x 102
Wearshield 70 | 3.55x 1072 | 8.55x 1073 | 3.68 x 103 | 2.65x 103 | 4.96 x 1073

*For coatings Fluxofil 58 and Wearshield 70 the average value was calculated with-
out the value for 4.55 N/cm? load.

for metallic materials in sliding contact (under unlubricated condition, and
for abrasive wear, the interval is from 107 to 107 mm3/Nm) [25]. First three
coatings (UTP DUR 350, EH 550 and LNM 420FM) have similar wear factor
values, while the last two coatings (Fluxofil 58 and Wearshield 70) show one
or two order of magnitude lower values, indicating good abrasive wear re-
sistance of these two coatings. Wear factor is a very useful engineering tool,
since it is approximately equal for certain load intervals. Knowing the value
of wear factor for given working conditions (load and sliding distance), wear
value could be relatively easily determined.

3.4.2. Vibro-abrasive wear testing

The vibro-abrasive wear of coatings was determined at six different vibration
velocities, i.e., at 0; 3.03; 6.04; 9.08; 16.88, and 21.08 mm/s. The correspond-
ing mass losses are presented in Table 3.9.

Corresponding wear rates of the coatings, for different vibration velo-
cities, were calculated from the obtained results of the mass loss shown in
Table 3.9 and calculated sliding distance of 49.01 m. Wear rates are presen-
ted in Fig. 3.18 (coatings UTP DUR 350 and EH 550), Fig. 3.19 (coatings LNM
420FM and Fluxofil 58) and Fig. 3.20 (coating Wearshield 70). This wear rates
are total wear rates, since it were calculated from the total mass losses.

The obtained experimental results show that the presence of normal
vibration load, after some value of vibration velocity, increase the abrasive
wear rate (Figs. 3.18 and 3.19). The exception is coating Wearshield 70 for
which increase of vibration velocity above some value has opposite effect
(Fig. 3.20). This coating also showed approximately one order of magnitude
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Table 3.9. Vibro-abrasive wear of tested coatings

_ Vibration velocity (w), mm/s
dei?;:al.gon 0 | 303 | 604 | 908 | 1688 | 2108
Mass loss, mg
UTP DUR 350 36 24 21 68 79 76
EH 550 28 20 13 43 40 30
LNM 420FM 22 23 24 34 53 60
Fluxofil 58 25 24 40 52 58
Wearshield 70 6 6 8 4 3

lower wear rate in comparison to other coatings. For all coatings three dis-
tinct regions can be noticed in the relationships wear rate vs. vibration velo-

city (adaptation, transition, and nearly stationary region).

In the first (adaptation) region (0 < w < 6 mm/s), the wear rates generally
decrease with the increase of vibration velocity, region was wider for coatings
EH 550 and LNM 420FM, and continue up to w = 6 mm/s,
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Fig. 3.18. Vibro-abrasive wear rates at different vibration velocities for coatings UTP

DUR 350 and EH 550
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Fig. 3.20. Vibro-abrasive wear rates at different vibration velocities for coating
Wearshield 70
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while for coatings Fluxofil 58 and Wearshield 70 it was narrower (up to w =
3 mm/s). This decrease of wear rate can be explained with the increase of the
real contact area due to the small vibrations and smoothing of the contact
surface. At these vibration velocities asperities adopt to each other making
the surface roughness lower. As a consequence, contact specific loads be-
come lower so the wear rates decrease.

In the second (transition) region (6 < w <9 mm/s), sudden increase of
the wear rate occurs for all coatings. This region started at lower vibration
velocities for coatings Fluxofil 58 and Wearshield 70, i.e. after w = 3 mm/s,
since the first (adaptation) region for these two coatings was narrower. This
sudden increase of wear rate can be explained with the intensifying of fatigue
failure processes, since the vibration velocities are higher. Fatigue processes
resulting from the micro-impacts and the micro-cutting by the abrasive par-
ticles are the basic wear mechanisms in tribosystems with high vibrations.

In the third (nearly stationary) region (9 <w <21 mm/s), all coatings
show apparent tendency to stabilise the wear rate and become independent
of further vibration velocity increase. This is just the assumption that the fur-
ther increase of vibration would not have some significant influence. Anyway,
it is most probably that in this region a balance between two influential pa-
rameters is reached: increase of wear due to intensifying of fatigue failure
processes, and decrease of wear due to case-hardening and/or appearance
of damping effects of some of the phases in the coatings during the process
of contact interaction.

In order to perceive the influence of vibrations, a wear rate without vi-
bration is compared with the wear rate at higher vibrations for each coating
(Table 3.10). Higher vibrations wear rate was obtained by averaging the last

Table 3.10. Approximate influence of the vibration velocity on abrasive wear

Vibration velocity (w), mm/s
Coating w=0mm/s w>16 mm/s Wear rate
designation | wear rate x| "C20V€  |\year rate x| elative iii:izzz/
10, mg/m \{vear 1071, mg/m \{vear
resistance resistance
UTP DUR 350 7.35 1 15.81 1 2.15
EH 550 5.71 1.29 7.14 2.21 1.25
LNM 420FM 4.49 1.64 11.53 1.37 2.57
Fluxofil 58 5.10 1.44 11.22 1.41 2.20
Wearshield 70 1.22 6.00 0.71 22.14 0.58
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Fig. 3.21. Comparative values of relative wear resistance of tested coatings without
and with vibrations at velocities higher than 16 mm/s)

two values of wear rate, i.e. at w = 16.9 mm/s and w = 21.1 mm/s. It can
be noticed that the wear rate increased with the presence of high vibration
velocities for all coatings, except for coating Wearshield 70. For this coating
presence of vibrations had beneficiary effect. This is primarily due to the mi-
crostructure and ductility of this coating. Its microstructure consists of small,
well distributed Nb carbides embedded in relatively soft matrix, which pre-
vented movement of the dislocation and increased hardness, shear strength
and ductility. Therefore the cracks grow and propagation is reduced and
dumping effect is increased, resulting in decrease of the abrasive wear rate in
presence of vibrations.

In Table 3.10, values of the relative wear resistance are also presented, in
order to compare obtained hardfaced coatings. There are two relative wear
resistance values for each coating, i.e., without and with vibrations at velo-
cities higher than 16 mm/s. Both relative wear resistances presented in Ta-
ble 3.10 are calculated as a ratio of reference specimen wear rate and wear
rate of the analysed specimen, where the specimen with the lowest hardness
(coating UTP DUR 350) was taken as a reference specimen (relative wear re-
sistance of this specimen is always equal 1). These values are also presented
in the form of diagram in Fig. 3.21. The sequence of coatings by its wear re-
sistance is similar in both cases, i.e. without and with vibration.
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3.5. Conclusions

Properties of the hardfaced coatings depend on many parameters, and for
every specific application and working conditions, there is one optimal value.
Optimisation of the deposition parameters it this case study was directed to-
ward minimization of the mechanical treatment (machining) of the obtained
coatings.

Hardfacing is mainly applied for the repair of equipment used in road
construction, agricultural and mining industry, i.e., equipment exposed to
heavy-duty operating conditions under impact loads, with dominant abra-
sive, vibro-abrasive and corrosive wear. Tribological properties (abrasive and
vibro-abrasive wear) of five different hardfaced Fe based coatings (UTP DUR
350, EH 550, LNM 420FM, Fluxofil 58 and Wearshield 70) were investigated,
with the aim to compare coatings among themselves, as well as, to investi-
gate and analyse influences of normal load and vibration velocity on wear
resistance of these coatings.

First three coatings (UTP DUR 350, EH 550 and LNM 420FM) showed
similar abrasive wear resistance, no matter that coatings EH 550 and LNM
420FM had and Cr carbides in their microstructure, and showed higher hard-
ness. Distances between these carbides were relatively high, so their rein-
forcing effect was small. On the other hand, Cr carbides in the microstructure
of coating Fluxofil 58 had better distribution and together with elongated and
randomly oriented grains provided higher abrasive wear resistance of this
coating. Coating Wearshield 70 showed the highest abrasive wear resistance,
i.e., approximately one order of magnitude higher than other coatings. This
is most probably due to the presence W-Mo carbides and particularly due to
the presence of the small, well distributed Nb carbides.

It was confirmed that the use of hardness as a parameter for predicting
the abrasive wear behaviour of materials is not the best choice, since the
wear mechanisms of hardfacing coatings represent a more complex form of
wear processes due to their inhomogeneous structure. It was noticed that
the hardest coating (Wearshield 70) shows the highest wear resistance as
well, but from the other coatings results, it is obvious that relationship be-
tween the abrasive wear and hardness values of any kind did not exist.

For all coatings, the values of abrasive wear factor are calculated and
could be used for practical engineering calculations. Under dry sliding abra-
sive wear conditions, the following values could be accepted: UTP DUR 350
(2.43 x 107t mg/Nm); EH 550 (3.68 x 1071); LNM 420FM (3.60 x 107%); Fluxofil
58 (5.07 x 107 for lower loads and 1.48 x 107 for higher loads); Wearshield
70 (3.55 x 107* for lower loads and 4.96 x 1072 for higher loads).
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Abrasive wear with presence of normal vibration load (vibro-abrasion)
showed strong dependence on vibration velocity. Depending on vibration
velocity value, three regions could be distinguished for all coatings: (1) adap-
tation, (Il) transition, and (lll) nearly stationary region. In the adaptation re-
gion, the wear rates generally decrease with the increase of vibration veloc-
ity, which can be explained with the increase of the real contact area due
to the small vibrations and smoothing of the contact surface. As a conse-
guence, contact specific loads become lower so the wear rates decrease. In
the transition region, sudden increase of the wear rate occurs for all coatings,
which can be explained with the intensifying of fatigue failure processes,
since the vibration velocities are higher. In the nearly stationary region, all
coatings show apparent tendency to stabilise the wear rate and become in-
dependent of further vibration velocity increase. This is most probably due
to the reached balance between two influential parameters: increase of wear
due to intensifying of fatigue failure processes, and decrease of wear due to
case-hardening and/or appearance of damping effects of some of the phases
in the coatings.

Presence of vibration mainly showed negative effect on wear resistance.
The exception is coating Wearshield 70 for which increase of vibration veloci-
ty above some value has beneficiary effect. This coating also showed appro-
ximately one order of magnitude lower wear rate in comparison to other coa-
tings. Microstructure of this coating consists of small, well distributed Nb car-
bides embedded in relatively soft matrix, which prevented movement of the
dislocation and increased hardness, shear strength and ductility. Therefore
the cracks grow and propagation is reduced and dumping effect is increased,
resulting in decrease of the abrasive wear rate in presence of vibrations.
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Chapter 4

HIGH VELOCITY OXYGEN FUEL (HVOF)
SUPERALLOY COATINGS

4.1. Introduction

High velocity oxygen fuel (HVOF) spraying process belongs to the category of
processes in which flame (combustion) energy is used as a source of thermal
energy, and to the subcategory with high velocities of particles. This process
uses a mixture of gaseous or liquid fuel and oxygen, which is fed into a com-
bustion chamber, where they are ignited and combusted continuously. The
coating material is in the powder form (typically size: 5-45 um) [1], and it is
fed axially through the gun into the chamber (for gas fuels) or radially after
the chamber. Powder is generally transported using nitrogen or argon as a
carrier gas (Fig. 4.1).

The combustion of the oxygen-fuel mixture produces a high temperature
and high pressure in the chamber (approx. 5.5 bar for gas fuel and 5.5-8.3
bar for kerosene). This high pressure, produced in the combustion chamber,
and the use of a converging-diverging expansion nozzle, which is usually loca-
ted down-stream of the chamber, leads to the very high particle velocity (up
to 600 m/sec for gas fuel and up to 700 m/s for kerosene). The pressure in
the combustion chamber and the particle speed can be even higher with the
newly developed equipment. The powder particles melt or partially melt in
the combustion chamber and during the flight through the nozzle. The flame
temperature varies in the range of 2500-3200 °C, depending on the fuel, the

Cooling Expansion
Compressed air
IF:)ueI - water nozzle Coating
o 8 Spray stream
Powder and ~Y8¢"
carrier gas Oxygen
Fuel gas ﬂ
Compressed air  Combustion chamber
Substrate

Fig. 4.1. Schematic drawing of the high velocity oxygen fuel spraying (HVOF) process
with gas-fuel gun [2] (Reproduced by permission of Oerlikon Metco)
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fuel gas/oxygen ratio and the gas pressure [3]. The combustion chamber, noz-
zle and barrel are intensively cooled by water.

The principle is somehow similar to that of the D-gun (detonation gun
spraying). The difference is that in D-gun spraying the fuel burning is not con-
tinuous, i.e., it explodes with controlled detonation, and detonation wave
accelerates the powder. The fuels in HVOF process can be gases (hydrogen,
methane, propane, propylene, acetylene, natural gas, etc.) or liquids (kero-
sene, etc.) [1]. Typical deposition rates with gas fuel are: 4-8 kg/h (for metals)
and 2-4 kg/h (for ceramics). With kerosene some 50 % increase of the depo-
sition rate can be achieved. Noise level for gas fuel is approximately 125 dB,
and 133 dB for kerosene.

Since coating is built up from flattened, fast solidified droplets the ve-
locity plays an important role for the obtained density of the lamella struc-
tured coating. Temperature of the flame has a strong effect on the suitable
materials to be sprayed. Ceramic coatings are mainly manufactured by using
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Fig. 4.2. Typical flame temperature and particle velocity operation ranges for various
thermal spraying processes (FS — flame spraying; D-gun — detonation gun spraying;
HVOF — high velocity oxygen fuel spraying; CGS — cold gas spraying; AS — electric arc
wire spraying; APS — atmospheric plasma spraying; VPS — vacuum plasma spraying
(VPS); CAPS — controlled atmosphere plasma spraying) [3]
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atmospheric plasma spray method, while temperature sensitive materials,
such as cermets, are more preferably sprayed by methods with a lower flame
temperature [3]. Comparison of the various thermal spraying processes by
the typical operation ranges of flame temperature and particles velocity is
shown in Fig. 4.2.

As a result of the high kinetic energy transferred to the particles through
the HVOF process, the coating material generally does not need to be fully
melted (no need for very high temperatures), so it undergoes only slight me-
tallurgical changes as a result of the spray process, e.g. minimal formation of
mixed carbides. Additional key advantages would be: low oxide content (par-
ticles spend less time within the flame and flame temperature is lower); high
density and low porosity (<1 %) with fine, homogeneous structures; excel-
lent adhesion (bond strength as high as 90 MPa); absence of high compres-
sive stress, which may results in very thick coatings. HVOF process is widely
used to produce cermet and metal coatings, but it has also been demonstra-
ted to be able to deposit dense ceramic coatings. The most used powders are
composites with carbide reinforcements and metal or alloy matrices [1].

High velocity oxygen fuel spraying (HVOF) process is one of the proces-
ses with the perspective future development. It is in the group of proces-
ses with high kinetic energy of sprayed particles, but having a relatively low
temperature in which the “time of flight” is short and they impact on the
substrate without being molten. Together with HVOF spraying, in this group
are: high velocity air fuel (HVAF) spraying, D-gun, Super D-gun, Sonarc, and
cold gas spraying (CGS). These techniques are adapted to spray materials of
relatively low melting point, which: modify their chemical composition at
spraying, such as, carbides which decarburize; melt inadequately, forming
the phases less interesting from the point of view of future application, such
as, “multi-oxides” (e.g. yttrium barium copper oxide — YBCO) [1].

This chapter considers solutions for the improvement of the wear re-
sistance of equipment used in road construction, agricultural, mining and
other industries [4-6], which are exposed to heavy-duty operating condi-
tions, under the high temperatures and pressures in abrasive, erosive and
corrosive environment. Some of the tested coatings are already implemented
in exploitation conditions in mines of the “Maritsa Iztok-3” power plant in
Bulgaria. This case study presents results of the research, carried out in two
stages. The first stage considers optimization of the deposition parameters
for various superalloy coatings, based on the analysis of hardness, porosity
and roughness characteristics. It was done through the selection of the three
deposition parameters: fuel/oxygen ratio, particles velocity and spraying dis-
tance [7-8].

113



In the second stage, wear resistance of the obtained coatings, produced
under optimal technological regime, were investigated and analysed. The
idea of the researches was to compare different coatings according their wear
resistance under conditions of abrasive wear [9-11], and under conditions of
erosive wear [12]. In addition, influence of preheating on abrasive wear and
influence of preheating, different substrate and some deposition parameters
on erosive wear was also investigated.

4.2. Optimisation of the deposition parameters

4.2.1. Materials

The substrate material for all coatings was a low-carbon steel, with chemi-
cal composition shown in Table 4.1. Hardness of the substrate was between
193.6 and 219.5 HV.

Table 4.1. Chemical composition (wt. %) of the coated material (low-carbon steel
substrate)

Element C Si Mn Ni P S Cr Fe
Percentage | 0.15 0.21 0.8 0.30 | 0.011 | 0.025 | 0.30 |Balance

Six different commercial powder coating materials (502P, 602P, F382F,
6P50W, SX 199 and WC-12Co) have been used in experiments. Their chemical
compositions, taken from the manufacturer and some physical and mechani-
cal properties are shown in Tables 4.2 to 4.7. The powders were produced by
the agglomeration process with a sintering stage, and the average size of the
powder particles was 45 + 2.5 um.

The basic interactions between the components of the powders present-
ed in Tables 4.2 to 4.7 could be briefly described as [7-8]: (a) at high tem-
peratures chromium (Cr) combines with carbon (C), silicon (Si) and boron (B)
creating metalloids; with carbon it forms hard chrome carbide (Cr.C,), which
does not dissolve in acids; presence of impurities makes chromium brittle;
(b) at high temperatures boron (B) combines with iron (Fe) and nickel (Ni)
forming borides; with carbon (C) it forms boron carbide (B,C) of very high
hardness; (c) nickel (Ni) in the composition of superalloy coatings exhibits
ferromagnetic properties; in the presence of oxygen and high temperatures it
reacts with oxygen and forms hard nickel oxide (NiO); (d) cobalt (Co) and iron
(Fe), like nickel, show ferromagnetic properties in the composition of super-
alloy coatings; (e) molybdenum (Mo) with iron (Fe) for an alloy, and at high
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Table 4.2. Properties of the powder 502P

Table 4.3. Properties of the powder 602P

Chemical Melting | Mohs Chemical Melting | Mohs
composition, wt. % | point, °C | hardness composition, wt. % | point, °C | hardness
Cr:13.94 1907 8.5 Cr:13.2 1907 8.5
Si: 3.65 1414 7 Si: 3.98 1414 7
B:2.52 2076 9.5 B:2.79 2076 9.5
Fe: 4.19 1538 4 Fe: 4.6 1538 4
Co: 0.03 1495 5 Co: 0.03 1495 5
C:0.59 3550 - C:0.63 3550 -
Ni: Balance 1455 4 Ni: Balance 1455 4

Surface temperature during the deposi-
tion at 120 mm distance: 275 °C

Surface temperature during the deposi-
tion at 120 mm distance: 263 °C

Coating adhesion: 38-41 MPa

Coating adhesion: 42-43 MPa

Table 4.4. Properties of the powder F382F

Table 4.5. Properties of the powder 6P50W

Chemical Melting | Mohs Chemical composi- | Melting | Mohs
composition, wt. % | point, °C | hardness tion, wt. % point, °C | hardness
Cr:17.3 1907 8.5 Cr: 13.15 1907 8.5
Mo: 2.2 2623 5.5 Si: 4.28 1414 7
C:0.019 3550 - B:2.87 2076 9.5
Si: 0.9 1414 7 Fe: 0.04 1538 4
S:0.009 115.2 2 Ni: 29.6 1455 4
P:0.02 44.1 - Co: 0.04 1495 5
Mn: < 0.3 1246 6 C:0.58 3550 -
Fe: Balance 1538 4 W: Balance 3422 7.5
Surface temperature during the deposi- Surface temperature during the deposi-
tion at 120 mm distance: 266 °C tion at 120 mm distance: 145 °C
Coating adhesion: 42-43 MPa Coating adhesion: 44-47 MPa

Table 4.6. Properties of the powder SX 199

Table 4.7. Properties of the powder WC-12Co

Chemical composi- | Melting | Mohs Chemical composi- | Melting | Mohs
tion, wt. % point, °C | hardness tion, wt. % point, °C | hardness
Cr:21 1907 8.5 Co: 12 1495 5
WC—Cr,C —Ni: 6.1 3370 9 C:5.4 3550 -
C:5.8 3550 - Fe:<0.1 1538 4
W: Balance 3422 7.5 Ni:<0.1 1455 4
W: Balance 3422 7.5

Surface temperature during the deposi-
tion at 120 mm distance: 115 °C

Coating adhesion: 51-54 MPa

Surface temperature during the deposi-
tion at 120 mm distance: 95 °C
Coating adhesion: 63-69 MPa

115



temperatures it reacts with oxygen and form molybdenum trioxide (MoO,);
(f) at high temperatures tungsten (W) with carbon forms very hard tungsten
carbide (WC); cobalt (Co) acts as a binder with the tungsten matrix.

4.2.2. Experimental details

Characteristics of the thermal spray coatings (metallography, hardness and
tensile bond strength) were accepted as a standard one. These characteristics
are mutually connected and are dependent on many parameters. Generally
these parameters could be divided into two groups: substrate preparation
parameters and spray deposition parameters.

Substrate preparation parameters affect most of all bond strength be-
tween substrate and coatings. They include: surface roughness and clean-
liness, substrate temperature, presence of the absorb moisture and gases
and presence of entrapped particles used for surface roughening. Parameters
that are important in choosing the abrasive for surface roughening are: type,
size, shape, purity and hardness. Impact pressure and angle are also import-
ant. Inadequate surface cleanliness and presence of entrapped abrasive par-
ticles decrease the bond strength, so they should be avoided. Presence of the
absorb moisture and gases can increase the porosity of coating, i.e. any fo-
reign matter, on or just below the surface of the base material, which tends to
evolve gas during deposition can cause bubbles. Substrate temperature can
be important for presence of cracks, i.e. during cooling, if the expansion co-
efficient (and hence the contraction) of the substrate material is appreciably
less than that of the coating, stresses build up and the coating may crack [13].

HVOF spraying is a very complex process, which has a great number of
parameters affecting the coating formation and hence coating properties. The
most commonly controlled parameters are: nozzle geometry, spraying dis-
tance, powder feed rate, fuel/oxygen ratio and gas flow density. In the spray
process, the powder particles experience very high speed combined with fast
heating up to its melting point or above. This high temperature may cause
evaporation of the powder or some components of it, dissolution, and phase
transformations [3]. Powder feed rate and spray distance are responsible for
the amount of unmelted particles and precipitates. If the feed rate is too big
or the spray distance is too short the powder particles do not melt completely
which results in a high amount of unmelted particles. Presence of the un-
melted particles and precipitates decrease the coating characteristics. Poro-
sity shows similar effect. Presence of the oxides has dual effect, positive and
negative, depending on the type of oxide and some other properties [13,14].

High velocity oxygen fuel spraying (HVOF) process, with GMA 6GIl pow-
der spray gun and propane (C_H,) fuel, was utilized in the experiment. Before
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the spraying process, surface of the substrate was cleaned and roughened.
Cleaning of the substrate surface from moisture, oxides and other contami-
nants was done by preheating of the substrate and subsequent treating with
solvent. The surface of the substrate was roughened and activated by abra-
sive grit blasting, according to the requirements of ISO 11126. The chemi-
cal composition (wt. %) of the abrasive particles was: SiO, (> 41%), AlO (8.3-
15.5%), MgO (3.2-10%), CaO (4-7%) and MnO (0.4-1.2%). The particle-size
distribution was as follows: 3.15-1.4 mm (9.32%); 1.63-0.5 mm (16.4%); 1.4-
1.0 mm (15.8%); 1.0-0.63 mm (39.6%); 0.5-0.315 mm (9.32%); 0.315-0.16
mm (9.32%); particles of size below 0.15 mm (balance). The parameters of
the abrasive grit blasting were: inlet pressure: 0.4 MPa; operation pressure
in the nozzle: 0.4 MPa; nozzle diameter: 7 mm; distance between nozzle and
surface: 30 mm; impact angle: 90°.

All six coatings have been deposited under three technological deposi-
tion regimes (R1, R2 and R3), with different spray deposition parameters. Pa-
rameters used in each of the regime are shown in Table 4.8. Specimens were
fixed on cylindrical support which rotates with rotational speed of 1.5 rpm.
Three parameters that were varied were: fuel/oxygen ratio, particles velocity
and spraying distance.

Spray deposition parameters were optimized according to the microstruc-
ture (porosity), hardness and roughness of the obtained coatings. Measure-
ments of surface hardness (HRC) were performed on surfaces of the samples
by using the Rockwell portable hardness tester. Each sample is deposited with
various thicknesses (50, 100, 150, 200, 250, 300 and 350 um) and hardness
is measured. The roughness of the coatings was examined with mechanical
profilometer, according to the ISO 4287 and ISO 4288. Surface roughness of
the coatings samples is presented through the arithmetic mean deviation of

Table 4.8. Spray deposition parameters

Parameter Value

R1 regime R2 regime R3 regime
Fuel/oxygen (C,H,/O,) ratio 45/100 55/100 55/100
Particle velocity, m/s 700 1000 1000
Spraying distance, mm 80 120 160
Impact angle, ° 90 90 90
Air pressure, MPa 0.5 0.5 0.5
Nitrogen pressure, MPa 0.4 0.4 0.4
Powder feed rate, g/min 22 22 22
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the assessed profile (Ra). Measurement was performed in at least five points
on the surface of coatings and the average value is presented.

4.2.3. Results and Discussion

Surface hardness of the obtained coatings was determined for various thick-
nesses, for each of the three technological deposition regimes (R1, R2 and
R3). The corresponding hardnesses are presented in Table 4.9. In addition,
differences between the highest and lowest value of hardness (increase of
hardness), for each coating and each regime, was calculated and presented
in Table 4.9.

In order to visually perceive the results shown in Table 4.9, six diagrams
(for each coating) are presented (Figs. 4.3 to 4.8), showing the influence of
technological deposition regime on the hardness distribution along the coa-
ting thickness. Hardness of all coatings decrease from surface toward the sub-

Table 4.9. Hardness distribution along the thickness of tested coatings

Hardness HRC

gz;tlg :gtion Regime Coating thickness, um Irr\g%a::scsnf
50 [100 (150 200 (50 (300 (350
R1 |52 54 55 |55 55 55 55 3.0
502pP R2 |54 55 57 |58 58.5 | 59 60 6.0
R3 |49 49 50 |50 51.5 | 52 53 4.0
R1 |582 [586 | 59 [59.4 |60.2 | 60.4 | 60.6 2.4
602P R2 |584 |[59.1 | 59.9(60.7 |60.9 | 61 62 3.6
R3 |57.8 [58.4 | 58960 60.1 | 60.2 | 60.4 2.6
R1 |155 |16.5 | 17 |18 19 20 20 4.5
F382F R2 |18 20 23 |245 255 | 26 26 8.0

R3 195 |215 | 24 |248 |25 25 25.1 5.6
R1 |523 |53.9 | 55.5|57.5 |57.8 | 58 58.3 6.0

6P50W R2 |58 59.7 | 59.9|60.3 |60.7 | 61.8 | 62 4.0
R3 |56.5 |57.5 | 58.8|59.4 |60.3 | 614 | 61.6 5.1
R1 |57 63 65 |66 67 68 68 11.0
SX 199 R2 |66 68 69 |69 70 71 72 6.0
R3 |55 56 58 |60 61 61 61 6.0
R1 |68.35|68.35| 68.4|68.45|68.48| 68.5 | 68.5 0.2
WC-12Co R2 |68.6 |68.65| 68.7|68.8 |[68.9 | 70 70 1.4

R3 |673 |67.5 | 67.9|683 |68.4 | 68.5 | 68.5 1.2
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Table 4.10. Porosity and surface roughness of tested coatings for three deposition
regimes

. Porosity, % Surface roughness (Ra), um

Coating - -
. . Regime Regime
designation
R1 R2 R3 R1 R2 R3

502P 3.7 2.5 4.7 12 7 6.5
602P 3.4 1.45 4.3 10 10 10
F382F 3.7 2 4.3 10 10 10
6P50W 3.25 1.55 3.8 9 7 9
SX 199 3.55 2.3 4.55 9 6 8
WC-12Co 3.3 1.4 4.3 13 10 12

strate, i.e., all coatings, in all regimes, showed the highest value of hardness
on the surface (for thickness of 350 um). Comparison of different technolo-
gical deposition regimes showed that, for all coatings, the highest hardness
is obtained for the R2 regime. The increase of hardness (difference between
the hardness at surface and at 50 um thickness) was also the highest for R2
regime in most of the cases (Table 4.9). This regime (fuel/oxygen ratio, par-
ticle velocity, spraying distance) could be accepted as optimal for tested coa-
tings. Comparison of different coatings showed that the highest hardness had
coatings SX 199 (72 HRC) and WC-12Co (70 HRC). Coatings 502P, 602P and
6P50W showed slightly lower hardness of 60, 62 and 62 HRC, respectively,
while the lowest hardness was obtained for coating F382F (26 HRC).

Porosity of the obtained coatings was determined for each of the three
technological deposition regimes (R1, R2 and R3). The corresponding values
are presented in Table 4.10. In addition, surface roughness of the coatings
was also measured and presented, through the arithmetic mean deviation
of the assessed profile (Ra), in Table 4.10. The investigated coatings have
relatively high hardness, and if the hardnesses of solids in contact are not the
same, the more important is the roughness of the harder material, because
asperities of the harder surface plough the surface of the softer body [15].

In order to visually perceive the results shown in Table 4.10, two dia-
grams are presented, showing the influence of deposition regime on porosity
(Fig. 4.9) and on surface roughness (Fig. 4.10).

Surface roughnesses did not differ too much between the same coating
and different deposition regime, nor between different coatings. Values of
the arithmetic mean deviation of the assessed profile (Ra) from 6 to 13 um
were obtained for all coatings and all regimes. These values are relatively
high when high tolerances of machine parts are require, so the subsequent
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machining is necessary. Nevertheless, R2 deposition regime generally ob-
tained the lowest roughness values, for all tested coatings.

Values of porosity were similar between different coatings deposited with
same regime. Generally, the porosity values are low for thermal spray coatings,
but not for HVOF coatings, since HVOF process is the technique that produces
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the densest coatings among all of the thermal spraying techniques. Typical
values of porosity in HVOF coatings are less than 1-2% [1, 2], and some coa-
tings can have porosity lower than 0.5% [2, 16]. Porosity is very important in
some coatings, e.g. corrosion resistance coatings, where the value of porosity
lower than 1% is considered as suitable for protecting the substrate material
against corrosion [3]. Pores and defects in coatings create paths for corrosive
fluids or aggressive chemicals to attack the substrate material. This local da-
mage can quickly lead to critical component failure. Porosity can also affect
the performance of the coated part in cyclic fatigue conditions where such
defects can become stress concentrators which initiate mechanical failures.

Porosity and hardness of coating are often in good correlation. In gene-
ral, increase of porosity results in decrease of coating hardness. In many ca-
ses, however, the hardness is not a simple function of density, but a function
of a number of factors, including oxide or carbide content and elemental
segregation. Therefore, anomalies in the correlation between hardness and
density may occur [16]. Correlation between porosity and hardness of tes-
ted coatings deposited at different regimes is shown in Fig. 4.11. It could be
noticed that, except for coatings F382F and 6P50W, this correlation is good,
since the R? (R-squared) values are high (R? = 1 is a perfect fit).

The lowest porosity values are obtained for the R2 deposition regime, for
all coatings. This regime had higher particles velocity and higher fuel/oxygen
ratio than R1 regime, which induced higher energy of the particles and higher
density of the coatings. It also had lower spraying distance than R3 regime,
which means lower retention of particles in the flame and lower amount of
oxides and unmelted (solidified) particles, so the porosity values are lower
[17]. Coatings 602P, 6P50W and WC-12Co had porosity lower than 2%, i.e.
1.45, 1.55 and 1.4%, respectively. Other three coatings had slightly higher
porosity values, i.e. 502P (2.5%), F382F (2%) and SX 199 (2.3%).

4.3. Abrasive wear testing

4.3.1. Materials and deposition conditions

The substrate material for all coatings was a medium-carbon steel, with
chemical composition shown in Table 4.11. Hardness of the substrate was
between 198.4 and 220.5 HV.

Table 4.11. Chemical composition (wt. %) of the coated material (medium-carbon
steel substrate)

Element C Si Mn Ni P S Cr Fe
Percentage 0.4 0.20 0.55 0.30 0.45 | 0.045 | 0.30 |Balance
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Ten different coatings, obtained by deposition of various powder coa-
ting materials (Ni-, W-, Ni+W-, Cr,0_-, and Al,O_-based), have been used in
experiments. Coatings designations and corresponding powder chemical
compositions, taken from the manufacturer, are shown in Table 4.12. The
powders were produced by the agglomeration process with a sintering stage,
and the average size of the powder particles was 45 + 2.5 um (502P, 602P,
and WC-12Co) and 35 + 2.5 um (80M60, 6P50W, SX 199, Cr,0,, Al,0,-3TiO,
and ALO,—40TiO,). Samples 4 and 9 were deposited on surface preheated to
650 °C (PHS). Powders WC-12Co, 602P-6P50W—(WC-12Co), Al,0,-3TiO,and

Al,0,—40TiO, are mixtures of two or three powders.

Table 4.12. Coating designation and appropriate powder chemical composition (wt. %)

Sample Coa.tmg . Powder chemical composition, wt. %
designation
1 502pP Cr: 13.94; Si: 3.65; B: 2:52; Fe: 4.19; Co: 0.03; C: 0.59;
Ni: Balance
) 602P Cr: 13.2; Si: 3.98; B: 2:79; Fe: 4.6; Co: 0.03; C: 0.63;
Ni: Balance
380M60 Cr: 14.2; Si: 4.37; C: 0.6; B: 2.9; Fe: 4.54; Cu: 2.36;
4 80M60: PHS* Mo: 2.51; Co: 0.01; Ni: Balance
Cr: 13.15; Si: 4.28; B: 2.87; Fe: 0.04; Ni: 29.6; Co: 0.04;
> 6PSOW C: 0.58; W: Balance
6 SX 199 Cr: 21; WC—Cr,C —Ni: 6.1; C: 5.8; W: Balance
7 WC-12Co Co:12; C:5.4; Fe: <0.1; Ni: <0.1; W: Balance
3 602P—-6P50W—
(wC-12Co) ) )
Mixture ratio (1:1:1)
9 602P—-6P50W—
(WC-12Co): PHS*
10 lcro Al,0,<0.03;Si0, < 9.07; Fe,0,<0.02; Ca0 < 0.03;
273 MgO < 0.01; TiO, < 0.02; Cr,0,: Balance
Mixture ratio (97:3)
11 |ALO,-3TiO, TiO,: 2.25; Si0, < 0.014; Fe, 0, < 0.01; Cao < 0.01;
MgO < 0.014; AL O,: Balance
Mixture ratio (60:40)
12 | ALO,-40TiO, TiO,: 38.25; Si0, < 0.014; Fe, 0, < 0.01; Cao < 0.01; MgO
<0.014; ALO,: Balance

*These coatings were deposited on preheated surface.
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High velocity oxygen fuel spraying (HVOF) process, with GMA 6GIl pow-
der spray gun and propane (C,H,) fuel, was utilized in the experiment. Before
the spraying process, surface of the substrate was cleaned and roughened.
Cleaning of the substrate was done by preheating of the substrate and sub-
sequent treating with solvent. The surface of the substrate was roughened
and activated by abrasive grit blasting (SiO, particles with average size of 1
mm). The coatings are deposited on prismatic plates having the dimensions
of 80 x 20 x 7 mm. The target coating thickness was 350 um for coatings. The
optimal deposition parameters, obtained in the fist stage of the research (R2
deposition regime), were applied for all coatings (Table 4.8).

4.3.2. Microstructure, thickness, roughness
and hardness characteristics

Microstructural characterizations of coatings were performed on the
cross-section of the samples by means of optical microscopy. Microstuctures
of some typical coating samples are shown in Fig. 4.12.

Coatings thickness was measured in ten points on each coating surface,
and the average values are shown in Table 4.13. The roughness of the coa-
tings was examined with mechanical profilometer. Measurement was per-
formed in at least five points on the surface of coatings and the average
roughness, presented through the arithmetic mean deviation of the assessed

Table 4.13. As-deposited thickness, porosity, roughness and hardness of tested coatings

Sermiels Coa.ting ‘ Thickness, Porosity, Roughness | Hardness
designation pum % (Ra), um HRC
1 502pP 360 2.5 7 60
2 602P 350 1.45 10 62
3 80M60 340 3 10 62
4 80M60: PHS 350 1.8 8 60
5 6P50W 380 1.55 7 65
6 SX 199 325 2.3 6 64
7 WC-12Co 330 1.4 10 70
602P-6P50W—
8 (WC—12Co) 360 1.5 8 68
602P-6P50W—
9 (WC—12Co): PHS 380 1.1 6 70
10 (Cr,0, 350 3 12 58
11 |ALO,-3TiO, 330 2 7 64
12 |ALO,-40TiO, 340 2.8 8 58
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Fig. 4.12. Microstructure properties of some of the tested coatings:
(a) coating 602P, (b) coating 80M60: PHS, (c) coating WC-12Co, (d) coating 6P50W—
602P—(WC-12Co), (e) coating Al,0,—-3TiO,, and (f) coating Al,0_,—40TiO,

profile (Ra), are presented in Table 4.13. Measurements of surface hardness
(HRC) were carried out using Rockwell hardness tester. At least three mea-
surements were made for each sample in order to eliminate possible segre-
gation effects and to obtain a representative value of the material hardness.
The results are shown in Table 4.13.
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4.3.3. Experimental details

Abrasive wear tests were carried out on pin-on-disc tribometer in accor-
dance with appropriate standard procedure [18], in the ambient air at room
temperature. A schematic diagram of pin-on-disc tribometer is presented in
Fig. 4.13. Samples for abrasive wear testing, having diameter of 15.3 mm,
were cut from as-deposited samples. They are ground and polished to thick-
ness of 310 um, and roughness of Ra = 2.5 um.

A cylindrical specimen (pin) with deposited coating (1) is fixed in a hol-
der (2) of the loading box (3). A central normal load (F ) is given through a
leverage system in the loading box. The end of a pin (1), which was not rota-
ting about its axis, is positioned perpendicular to the impregnated corundum
abrasive paper (4) with grain size of 201 um (P80 grit). The abrasive paper is
fastened to, and supported by a flat horizontal rotating disc (5). The disc, dri-
ven by AC motor (6), rotates with given constant rotational speed (n) about
its vertical axis. The tribometer allows sliding velocity variation by changing
disc rotational speed and/or by changing the distance between rotational
axis of disc and axis of sample (R).

Abrasive wear is calculated as a mass loss, i.e., as a difference between the
initial mass of the sample and its mass after given number of abrasion cycles (N),
counted by the counter (pos. 7 in Fig. 4.13). The abrasive wear is presented and
analysed through the mass wear rates. Before and after testing, the coated disc
was degreased and cleaned, and its mass is measured by the electronic balance
with accuracy of 0.1 mg. Normal load of 471 g (4.62 N) was constant for all tests
and coatings. Taking into account the assumed contact area (sample cross-sec-

Fig. 4.13. Schematic diagram of abrasive wear testing on pin-on-disc tribometer
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tion area) of approximately 1.84 cm? (diameter of the cylindrical test specimens
was 15.3 mm), the specific load was 2.51 N/cm?. The rotational speed of disc (n)
was constant, i.e. n = 40 rpm, and the distance between rotational axis of disc
and axis of sample (R) was 37 mm. Thus, the sliding velocity of the pin is 0.155
m/s. The sliding distance (s) is calculated from the following equation:

s=2RrN, (4.1)

where R is the distance between rotational axis of disc and axis of sample,
and N is the number of abrasion cycles.

4.3.4. Results and Discussion

Abrasive wear of the coatings was determined at various number of cycles,
i.e. at N = 500, 1000, 1500, 2000 and 2500, and corresponding mass losses
are presented in Table 4.14. Obtained results of the mass loss (Table 4.14)
are also shown as a function of sliding distance, in the form of the compara-
tive wear curves. The wear curves for coatings 502P and 602P are shown in
Fig. 4.14, for coatings 80M60 and 80M60: PHS in Fig. 4.15, for coatings 6P50W

Table 4.14. Abrasive wear of tested coatings

Number of cycles (N)
, 500 | 1000 | 1500 | 2000 | 2500
Sample Coa.tmg . Sliding distance, m
designation
1162 | 2325 | 3487 | 4650 | 5812
Mass loss, mg

1 502P 8.6 18.1 25.6 30.2 31.3

2 602P 4.5 5.9 7.2 7.9 8.8

3 80M60 7.2 8.8 10.5 12.2 13.5

4 80M60: PHS 2.0 3.3 4.7 51 6.7

5 6P50W 1.8 2.2 2.8 3.0 3.2

6 SX 199 5.0 6.5 8.0 8.9 10.5

7 WC-12Co 0.5 0.8 0.9 1.2 1.4
602P-6P50W-

8 (WC=12Co) 3.2 4.7 5.2 5.6 6.3
602P-6P50W-

9 (WC-12Co): PHS 18.0 18.8 20 22.6 25.8

10 |Cr,0, 17.5 25.4 35.1 40.8 44.6

11 |ALO,-3TiO, 44.4 86.2 109.4 126.5 160.9

12 | ALO,-40TiO, 14.7 21.8 29.8 36.4 38.3
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and SX 199 in Fig. 4.16, for coatings WC-12Co and 602P-6P50W—(WC-12Co)
in Fig. 4.17, for coatings 602P-6P50W—(WC-12Co): PHS and Cr,0,inFig.4.18
and for coatings Al,O,—3TiO, and Al,O_,—40TiO, in Fig. 4.19.
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Fig. 4.14. Mass loss vs. sliding distance for coatings 502P and 602P
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Presence of running-in process was noticed for all coatings. Duration of
running-in phase was different for different coatings, but for most of them it
ends after 200 m. After this phase the change of mass loss with sliding dis-
tance is more or less linear. Since the steady-state wear did not occur from
the beginning of the tests and all coatings show running-in phase which can-
not be ignored, in this case study, wear rates were not calculated by fitting
the wear curves (it is the slope of wear curve). Wear rate, in mg/m, is calcu-
lated as a total wear rate, i.e., as a ratio of total mass loss (for N = 2500) and
corresponding sliding distance (s = 581.2 m). Comparison of different HVOF
coatings were analysed by comparing its calculated wear rate values, which
are presented in Figs. 4.20 and 4.21.

The lowest abrasive wear rate of all coatings of 0.24 x 102 mg/m showed
coating WC-12Co. Wear rate of this coating was more than 100 times lower
comparing to the Al,0,-3TiO, coating wear rate of 27.68 x 10~ mg/m. Good
abrasive wear resistance of WC—12Co coating is not a surprise since the ther-
mal sprayed coatings based on tungsten carbide are the most durable ma-
terials in terms of wear resistance. Although they are not suitable for high
temperature applications, they can be applied in many areas of industry due
to the combination of very hard carbides and tough matrix. The good wetta-
bility of carbides WC in Co matrix contributes to the high cohesive strength of
WC-Co cermets [19]. These coatings are the most important thermal-sprayed
coatings that are used against abrasion [20]. A systematic study by Barbezat
et al. [21] indicated that under dry sand/rubber wheel abrasion test coating
WC-12Co exhibited lower abrasion rate than WC-17Co coating. Schubert et
al. [19] also reported that, under dry sand/rubber wheel abrasion test, be-
tween three variants of WC—Co coatings (with the Co content of 12, 17 and
25 %), the WC-12Co coating had the lowest wear rate.

In the WC—Co coatings produced with the HVOF technique, porosity is
caused by the gas produced during the process. The liberation of carbon
through the decarburization reactions results in two possibilities: oxidation
of the carbon according to 2C+ O, - 2CO (gas) or diffusion of carbon into the
matrix material [22]. Compared to other spraying techniques, HVOF spray-
ing is one of the best methods for depositing conventional WC-Co cermets,
because the higher velocities and lower temperatures experienced by the
powder result in less decomposition of WC during spraying process [23].
Therefore, coatings with higher amount of retained WC and lower porosity
are expected. Porosity of WC-12Co coating of 1.4 % (Table 4.13) was among
lowest, compare to the other tested coatings, so it is reasonable to presume
that the decarburization of WC during deposition was minimized, providing
good abrasive wear resistance.
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Preheating of the substrate showed double-nature effect. In case of
80M60 coating deposited on preheated substrate, 2 times lower abrasive
wear rate is obtained, while in case of 602P-6P50W—(WC-12Co) coating pre-
heating of the substrate increased abrasive wear rate by more than 4 times.
For the analysis of this phenomenon appropriate microstructure analysis and
other coating characteristics are necessary.

The relationship between obtained abrasive wear values and hardness
(Table 4.13) of tested coatings is shown in Fig. 4.22. It could be noticed that
the hardest coating (WC-12Co) shows highest abrasive wear resistance as
well, but from the other coatings results, it is obvious that relationship be-
tween the abrasive wear and hardness values of any kind did not exist. This
could be seen from the R? (R-squared) value, since it was extremely low (R?
= 0.02). According to Liu et al. [24], the abrasive wear resistance of ther-
mal spray coating can be related, not only to hardness, but also to inden-
tation toughness of the coating. In addition, Barbezat et al. [21] concluded
that coatings with a homogeneous microstructure give better abrasion re-
sistance. Therefore, hardness cannot be the only parameter for predicting
the abrasive wear resistance of materials, which is confirmed by the results
presented in Fig. 4.22.
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Fig. 4.22. Abrasive wear rate vs. hardness of tested coatings (value for coating Al,O -
3TiO, is not shown); 1:1:1 = 602P-6P50W—(WC-12Co)
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4.4. Erosive wear testing

4.4.1. Materials and deposition condition

Two substrate materials were used. First substrate material was a low-carbon
steel, with chemical composition shown in Table 4.15. Hardness of this sub-
strate was between 193.6 and 219.5 HV. One of the coatings (coating 80M60)
was also deposited on the Al-Cu wrought alloy EN AW-2017A (second sub-
strate). Chemical composition of this substrate is shown in Table 4.16.

Ten different coatings, obtained by deposition of various powder coating
materials (Ni-, W-, Ni+W-, Cr,0_-, and Al O,-based), have been used in experi-
ments. Coatings designations and corresponding powder chemical compo-
sitions, taken from the manufacturer, are shown in Table 4.17. The powders
were produced by the agglomeration process with a sintering stage, and the
average size of the powder particles was 45 + 2.5 um (602P and WC-12Co)
and 35 + 2.5 um (80M60, 6P50W, Cr,0,, Al,O_—3TiO, and Al,O_-40TiO,). Sam-
ples 2 and 4 were deposited on surface preheated to 650 °C (PHS), and sample
3 was deposited on different substrate than the rest of the coatings. Samples
9 and 10 were deposited with different spraying distance than the rest of the
coatings. Powders 602P—6P50W—(WC-12Co), Al,0,-3TiO, and Al,0,-40TiO,
are mixtures of three or two powders.

High velocity oxygen fuel spraying (HVOF) process, with GMA 6GIl pow-
der spray gun and propane (C,H,) fuel, was utilized in the experiment. Before
the spraying process, surface of the substrate was cleaned and roughened.
Cleaning of the substrate was done by preheating of the substrate and sub-
sequent treating with solvent. The surface of the substrate was roughened
and activated by abrasive grit blasting (SiO, particles with average size of 1
mm). The coatings are deposited on prismatic plates having the dimensions
of 80 x 20 x 7 mm. The optimal deposition parameters, obtained in the fist
stage of the research (R2 deposition regime, Table 4.8), were applied for all

Table 4.15. Chemical composition (wt. %) of the coated material 1 (low-carbon steel
substrate)

Element C Si Mn Ni P S Cr Fe
Percentage | 0.15 0.21 0.8 0.30 | 0.011 | 0.025 | 0.30 |Balance

Table 4.16. Chemical composition (wt. %) of the coated material 2 (Al-Cu alloy sub-
strate)

Element Si Fe Cu Mn Mg Cr Zn  |Zr+Ti Al
Percentage | 0.654 | 0.19 | 4.38 | 0.79 | 0.82 [ 0.013| 0.14 | 0.05 |Balance
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Table 4.17. Coating designation, substrate and appropriate powder chemical com-
position (wt. %)

Sample Coa.tlng . Substrate Chemical composition, wt. %
designation
1 80M60 Low-carbon

steel Cr:14.2;Si: 4.37; C: 0.6; B: 2.9; Fe: 4.54;

. *
2 80M60: PHS Cu: 2.36; Mo: 2.51; Co: 0.01; Ni: Balance

3 80M60: Al Al-Cu alloy
4 602P-6P50W-

(WC-12Co) Mixture ratio (1:1:1)
5 602P-6P50W— o

(WC=12Co): PHS*

ALO, < 0.03; SO, < 0.07; Fe,0, < 0.02;
6 |cr0, Ca0 < 0.03; MgO < 0.01; TiO, < 0.02;
Cr,0,: Balance

Low-carbon Mixture ratio (97:3)
7 Al,0,-3TiO, steel TiO,: 2.25; Si0, < 0.014; Fe,0, < 0.01;
Cao < 0.01; MgO < 0.014; AL O,: Balance
8 Al,0,-40TiO,:
12077 Mixt tio (60:40)
) ixture ratio (60:
9 %00,3140“02' TiO,: 38.25; Si0, < 0.014; Fe,0, < 0.01;
- Cao<0.01; MgO < 0.014; ALO.: Balance
Al,0,-40TiO,:
10 80+

*These coatings were deposited on preheated surface.
** Different spraying distance.

coatings, except for coating samples 9 and 10. Parameters for these two coa-
tings were slightly changed, since the spraying distance was 100 and 80 mm
for Al,O,—40TiO,: 100 and Al,O,—40TiO,: 80 coating, respectively.

4.4.2. Thickness and hardness characteristics

Coatings thickness was measured in ten points on each coating surface, and
the average values are shown in Table 4.18. Measurements of surface hard-
ness (HRC) were carried out using Rockwell hardness tester. At least three
measurements were made for each sample in order to eliminate possible
segregation effects and to obtain a representative value of the material hard-
ness. The results are shown in Table 4.18.
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Table 4.18. As-deposited thickness and hardness of tested coatings

Sample |Coating designation Thickness, um Hardness HRC
1 80M60 695 60— 62
2 80M60: PHS 510 66 — 68
3 80M60: Al 450 54 - 56
4 602P—6P50W—(WC-12Co) 520 65— 66
5 I?E|25P—6P50W—(WC—12C0): 490 62— 64
6 Cr,0, 200 62 — 64
7 Al,0,-3TiO, 250 38-40
8 Al,0,-40Ti0,: 120 380 50-52
9  |ALO,~40TiO,: 100 240 52-54
10 Al,0,-40TiO,: 80 320 56 — 58

4.4.3. Experimental details

Erosive wear tests were carried out on jet nozzle type erosion equipment
(Fig. 4.23) in the ambient air, at room temperature. This testing utilizes re-
peated gas-entrained solid particle impingement erosion, and involves a
small nozzle delivering a stream of gas containing solid particles which im-
pacts the surface of a test specimen.

Solid particles

!-
ir
|

Particle-a
stream

5

&)

A

Air
supply

Fig. 4.23. Schematic diagram of erosive wear testing
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Table 4.19. Parameters used in the erosive wear testing

Test parameter Value

Solid particles material Silicon dioxide (SiO,)
Maximum size of the particles 350 um

Air stream pressure 0.1 MPa
Particles flow 136.7 g/min
Particles impact angle 90°
Distance between the sample and the nozzle 10 mm
Duration of the test 6 minutes

Solid particles are poured from the reservoir (1) by freefalling to the noz-
zle tube (2). Length of the nozzle is 25 mm, diameter is 8 mm, and exit dia-
meter is 6 mm. Before the tests, solid particles material was sieved through a
set of sieves and dried in an oven for removal of moisture from the particles.
The air stream is provided by the compressed air at controlled pressure, pu-
rified from particles and moisture (3). Air stream also enters the nozzle tube
(2), where the formation of two-phase (particle-air) working stream takes
place. The test sample (4) is fixed in a holder (5) attached to the reversing
mechanism (6). Samples for erosive wear testing, having the dimensions of
20 x 20 x 7 mm, were cut from as-deposited samples. Surface of the samples
were additionally machined (grinded or polished) before the testing. With re-
versing mechanism (6), two working parameters are controlled: (a) distance
of the sample from the nozzle and (b) impact angle of the particles. Parame-
ters used in the erosive wear testing (solid particles material, maximum size
of the particles, air stream pressure, particles flow, particles impact angle,
distance between the sample and the nozzle and duration of the test) were
the same for all tested coatings (Table 4.19).

In order to achieve a higher confidence level in evaluating test results,
three replicate tests were run for all materials. The arithmetic mean value of
these three measurements is taken as a result. Erosive wear is calculated as a
mass loss, i.e., as a difference between the initial mass of the sample and its
mass after the end of test. Before and after testing, the coated sample was
degreased and cleaned, and its mass is measured by the electronic balance
with accuracy of 0.1 mg. Wear rate is given in mg/min as the mass loss of the
sample material divided by the duration of the test.

4.4.4. Results and Discussion

Experimental results for mass loss and calculated wear rate for all tested ma-
terials are given in Table 4.20.
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Table 4.20. Erosive wear of tested coatings

Sample S:jig:gtion Mass loss, mg  |Wear rate, mg/min
1 80M60 14.84 2.47
2 80M60: PHS 1.32 0.22
3 80M60: Al 20.02 3.34
4 602P-6P50W—(WC-12Co) 4.18 0.70
5 IezaZSP—GPSOW—(WC—HCo): 6.62 110
6 Cr,0, 7.62 1.27
7 Al,0,-3TiO, 3.35 0.56
8 AlLO,—40TiO,: 120 22.49 3.75
9 Al,O,—40TiO,: 100 8.86 1.48
10 Al,0,—40TiO,: 80 1.42 0.24

For easier comparison of different HVOF coatings, calculated erosive
wear rates (Table 4.20) are also presented in the diagrams form in Figs. 4.24
and 4.25.

The lowest erosive wear rate of all coatings of 2.20 x 10~ mg/min showed
coating 80M60: PHS. Wear rate of this coating was approximately 17 times
lower comparing to the ALLO,—40TiO,: 120 coating wear rate of 37.48 x 107
mg/min. The microstructure analysis of coating 80M60: PHS shows absences
of micro cracks, oxides and non-metal inclusions. Although the oxides could
be very hard, they are brittle and unsuitable for erosive wear conditions.
Structure of the formed metalloids is homogeneous, providing high cohesive
strength of the coating. On the other hand, the same coating deposited on
low-carbon steel substrate without preheating (coating 80M60) shows more
than 10 times higher erosive wear rate. The microstructure analysis of this coa-
ting shows lower homogeneity, different grain size distribution and presence
of oxide inclusions, which lead to decrease of plasticity and impact strength of
coating. The erosive wear rate of coating 80M60 was even higher when it was
deposited on Al-Cu alloy substrate without preheating (coating 80M60: Al). All
this suggest that erosive wear rate of coating 80M60 depend very much on
optimal deposition parameters (substrate preheating) and/or substrate ma-
terial, since the erosive wear rate of this coating can be as low as 2.20 x 10
mg/min or up to 33.37 x 10" mg/min, depending on only this two parameter.

In contrast to coating 80M60, preheating of the low-carbon steel
substrate increased the erosive wear rate of coating 602P—6P50W—(WC—
12Co), which data were: without preheating 6.97 x 107 mg/min and with
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preheating 11.03 x 10! mg/min, i.e. 1.58 times higher. This means that, as
in case of abrasive wear, preheating of the substrate showed double-na-
ture effect.

The highest erosive wear rate of all coatings of 37.48 x 107 mg/min showed
coating ALO_—40TiO,: 120 (spraying distance of 120 mm. Simultaneously, the
same coating deposited with different spraying distance of 80 mm (Al,O.—
4QTiO,: 80) showed second lowest erosive wear rate of all coatings of 2.37 x
10 mg/min. The erosive wear rate of the same coating deposited with spraying
distance of 100 mm (Al,O,—40QTiO,: 100) was between these two coatings. This
clearly suggests that the decrease of erosive wear rate for this coating is ob-
tained by decreasing the spraying distance from 120 to 100 and to 80 mm. The
differences between the same coatings Al,O,—40TiO, deposited with different
spraying distance are related to the amount of oxides formed in the coating
during deposition process. Although it is not measured, it is obvious that with
smaller spraying distance the amount of oxides will be lower due to the shorter
retention of powder particles in the HVOF flame. It is also evident that higher
amount of formed oxides had negative influence on erosive wear resistance.

The relationship between obtained erosive wear values and hardness
(Table 4.18) of tested coatings is shown in Fig. 4.26. It could be noticed that
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the hardest coating (80M60: PHS) shows highest erosive wear resistance as
well, but from the other coatings results, it is obvious that relationship be-
tween the erosive wear and hardness values of any kind did not exist. This
could be seen from the R? (R-squared) value, since it was extremely low (R?
= 0.04). Since the similar relationship was obtained in abrasive wear testing
(Fig. 4.22) it is confirmed that hardness is definitely not the appropriate pa-
rameter for predicting the abrasive or erosive wear resistance of tested HVOF
coatings.

4.5. Conclusions

High velocity oxygen fuel (HVOF) spraying is a very complex process, which has
a great number of parameters affecting the coating formation and hence coa-
ting properties. The amount of the fuel and oxygen in the process, spray dis-
tance and the powder feed rate are the most influential parameters. Amount
of fuel and oxygen determine the flame temperature and particles velocity
and the spray distance influence the amount of oxides in the coatings. Pow-
der feed rate and spray distance are responsible for the amount of unmelted
particles and precipitates. Optimisation of the deposition parameters it this
case study was performed by varying three parameters, i.e., fuel/oxygen ratio,
particles velocity and spraying distance. Optimisation was analysed through
microstructure (porosity), hardness and roughness of the obtained coatings,
and deposition regime R2 was accepted as optimal for tested coatings.

Investigated HVOF coatings were intend to be used as improvement of
the wear resistance of equipment used in road construction, agricultural,
mining and other industries, i.e., equipment exposed to heavy-duty opera-
ting conditions, under the high temperatures and pressures in abrasive, ero-
sive and corrosive environment. Tribological properties (abrasive and erosive
wear) of various superalloy coatings were investigated, with the aim to com-
pare coatings among themselves, as well as, to investigate and analyze influ-
ences of substrate preheating, different substrate and spraying distance on
wear resistance of these coatings.

The lowest abrasive wear rate of all coatings showed tungsten-based
coating (WC-12Co), with the wear rate of more than 100 times lower com-
paring to the Al,O_—3TiO, coating. The WC-12Co coating is a combination of
very hard carbides and tough matrix, and good wettability of carbides WC in
Co matrix contributes to the high cohesive strength of WC—Co cermets. Po-
rosity of this coating of 1.4% was among lowest, compare to the other tested
coatings, so most probably the decarburization of WC during deposition was
minimal. This provided high density and good abrasive wear resistance.
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The lowest erosive wear rate of all coatings showed nickel-based coa-
ting deposited on preheated substrate (80M60: PHS), with the wear rate of
approximately 17 times lower comparing to the Al,0,—40TiO,: 120 coating.
The microstructure analysis of 80M60: PHS coating shows absences of micro
cracks, oxides and non-metal inclusions. Although the oxides could be very
hard, they are brittle and unsuitable for erosive wear conditions. Structure of
the formed metalloids is homogeneous, providing high cohesive strength of
the coating.

Preheating of the substrate in both, abrasive and erosive wear testing,
showed double-nature effect. In case of 80M60 coating, deposition on pre-
heated substrate lower the abrasive and erosive wear rate, while in case of
602P-6P50W—(WC-12Co) coating, preheating of the substrate increased
abrasive and erosive wear rate. Influence of different substrate (low-carbon
steel and Al-Cu alloy) on erosive wear resistance is shown through the 80M60
and 80M60: Al coatings, where the coating deposited on Al-Cu alloy (80M60:
Al) showed lower erosive wear resistance. Different spraying distances (120,
100 and 80 mm) were applied during deposition of Al,0.—40TiO, coating, in
order to investigate their influence on erosive wear resistance of obtained
coatings. It was shown that the increase of erosive wear resistance is ob-
tained by decreasing the spraying distance. This is related to the amount of
oxides, which had negative influence, formed in the coating during deposi-
tion process. Lower spraying distance induce lower amount of oxides due to
the shorter retention of powder particles in the HVOF flame.

The relationship between obtained abrasive/erosive wear values and
hardness showed that the hardest coatings (WC—12Co in abrasive wear tes-
ting and 80M60: PHS in erosive wear testing) showed highest abrasive/ero-
sive wear resistance as well, but from the other coatings results, it is obvious
that relationship between the abrasive/erosive wear and hardness values of
any kind did not exist. Therefore, it is confirmed that hardness is definitely
not the appropriate parameter for predicting the abrasive or erosive wear
resistance of tested HVOF coatings.
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