Kalaba, D., et. al.: Thermomechanical Modeling the Resistance Welding of ...
THERMAL SCIENCE: Year 2010, Vol. 14, No. 2, pp. 437-450 437

THERMOMECHANICAL MODELLING THE
RESISTANCE WELDING OF PbSb ALLOY

by

Dragan'V. KALABAa,,Ageksandar S. SEDMAK tj,
Zoran J. RADAKOVIC b', and Marko V. MILOS ¢

aFaculty of Mechanical Engineering at Kosovska Mitrovica,
University of Pristina, Serbia
® Faculty of Mechanical Engineering, University of Belgrade, Belgrade, Serbia
¢ Faculty of Mechanical Engineering — Innovation Centre,
University of Belgrade, Belgrade, Serbia

Original scientific paper
UDC: 549.24/.25:517.96:536.24
DOI: 10.2298/TSCI11002437K

The analytical modelling of the PbSb alloy resistance spot welding process has
been devel oped on the basis of mathematical analysis of thermomechanical conser-
vation laws. The numerical solution of partial differential equations, obtained by
such modelling, has been achieved by the finite element method.
Thermomechanical equilibrium equations are derived, including specific proper-
ties, typical for PbSb alloys. The paper utilizes the basic experimentally proven as-
sumption, that the temperature fields govern all processes during welding. Full
agreement is evident between the experimental and analytical data.
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Introduction

The complexity of the resistance spot welding process is represented by various pa-
rameters needed to describe the undergoing physical influences (e. g. electric current, electrical
resistance, contact force, material type, temperature, etc.). By identifying thetemperaturefieldit
becomes possible to simulate heating, deformation and cooling processes, and to ensure some
basi ¢ assumptionsfor predicting structural changesat |ocations of the joint and itsfinal mechan-
ical properties.

Efforts for developing modern simulations of concern here have four orientations:

— implementing influences of latent heat and phase transformations in the numerical analysis
[1_3] )

— development of mathematical formulations of thermomechanical processes in resistance
spot welding and their correlation to heat and electrical processes[4, 5],
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— (quantification of the contact surface regardliess of whether this surface is an electrode-
-to-sheet metal or sheet-to-sheet microcontact, as well as changes in geometry of the
conductive media[4, 6], and

— implementing al particularities of the resistance spot welding of new materials and alloys
into well established mathematical models.

Research on the problems of resistance welding of heavy alloysisrelatively scarceand
insignificant. Aside to theoretical research, of practical importancei. e. is the complicated as-
sembly of lead-acid batteries. The resistance welding operation for the PbSb alloy grid cell join-
ing is crucial, and the created residual stresses are the most frequent cause of failure in these
welded joints.

The mathematical analysis of the heat processimplicates mathematical modelling (fi-
nite elements) and defining the heat conduction equation. The processisfurther mathematically
analysed and residual stresses are evaluated. Procedures are carried out for numerical integra-
tion of differential equations of heat conduction and residual stresses, with error estimation de-
pending on the adopted finite element mesh.

Model formulation
Heat conduction equation

Thewelding processisrepresented by athermomechanical model inthe scope of basic
laws of continuum mechanics. The global energy balance law in the coupled form [7-9] is

Tpol(r —0) +Tivi JAV = [hydA, (1)
Vo Aq

where p, isthe mass density, u — the strain energy density, r —the volume heat source, T —the

stresstensor, v —thevel ocity vector, h,—the surface heat flux, A, —the contour area, and V,—the

volume encompassed by A,. The subscript “,” denotes undeformed (initial) configuration, “-” is
thetime derivative, and “,” —the partial derivative over Descartes co-ordinates x;. Coupling of
thermal and mechanical termsin eq. (1) is due to the following:

— second and fourth terms contain only thermal energy, the third contains only mechanical
energy, and the first contains both,

— strain energy density depends on both temperature and strain, U = u(t, g;), where t is the
temperature and g; — the deformation tensor, and

— thermal boundary conditions, valid for the deformed configuration, may be applied only
provided that the displacements and strains are known.

Uncoupling of thermal and mechanical termsin eqg. (1) ispossible according to thefol-
lowing.

— In order to neglect dimensional changes due to transformation from an undeformed to a
deformed configuration, it is necessary to assume that dA/dAy ~ 1 and dV/dV, ~ 1, so that
dh=dhyanddpy~ dp, i. e. p istemperatureindependent. Typical density valuesat both room
and liquidus temperatures for PoSb alloysthat are applied in welding differ up to 6%. This
error haslittle effect on the numerical analysis and determination of residual stresses, since
they appear at relatively low temperatures. The error isto be accounted for when analysing
the temperature or heat distribution.
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— Deformation dependence of strain energy density rate opposed to the temperature
dependence may be omitted according to the following expression:

a=QUg, U QU
oT 0, oT

The first term is proportional to mass density r and heat capacity ¢, and the second term to
yield strength Ry, » and the thermal coefficient .. The changein both thermal and mechanical
energy for the PbSh alloy isgivenintab. 1. Apparently, the error becomes|essthan 1% when
comparing the change in thermal and mechanical energy, as Au; = pcAt [Jem?] (At = 1 K)
and Au, = 3Ry, The comparison is made at room temperature, since the change in
mechanical energy is even smaller at higher temperatures (R, decreases considerably).

)

Table 1. Energy comparison for the PbSh alloy

. . Coefficient of ;
Density, | Heat capacity, | Au,=pc . Yield stress, Ay, = 3aRy
pleomy | ol | Doy | Mo egeson | g v | "o
11 0 1 2.76-10°3 7 0

— By using similar arguments, the pure mechanical energy term T 1 vidV,ineq. (1) can aso
be omitted.
These approximations allow for eq. (1) to be written in the uncoupled form as:

[ po(r—u)aV =] hdA, (3)
Vo Ay

By applying the Gauss' theorem, eq. (3) istransformed to eqg. (4), and taking into ac-
count that at the boundary surface A, the relation for the introduced heat conduction vector, d,
defined by heat flux h and external unit normal n,, isgiven by g'n' = h,, and for Descartes co-or-
dinates, xi:
.~ 0q
po(r—1) -2 =0 (4)
ox!
If por isreplaced by Q,, and p,uisreplaced asp(AUOT)T = p,CT, where cis specific
heat capacity, and we shall also omit index “0”, thusignoring the difference between the current
and reference configuration, eg. (4) becomes:

. ogi
Q, - pcT - 1= ©)
oX
To solve this equation we introduce the constitutive material law, i. e. the Fourier law
of heat conduction: oT
q' =—ki = ©)
ox®

wherek; isthetensor coefficient of thermal conductivity. Finally, the heat transfer equationis:

0 - o0T .
—| kil — [+Q, =pcT 7
6xi( 6xi] Q=p )
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Besides being non-stationary, eg. (7) isnon-linear because of the temperature depend-
ence of material properties. Theinitial condition is given as T(x',0) = T,(X'), and the boundary
conditions for temperature, heat flux, heat convection (fig. 1) are:

T=T,(x") (©n S))
q'n' =g ©n'S,) (8)
qin' =h(T;-T.)  (on Sj)

where Tgand T, are the given source and environmental temperatures, in respect; h is the con-
vection heat-transfer coefficient, and gs— the given heat flux.

Such aproblem cannot be solved analytically in general, and requires numerical meth-
ods. This becomes more complicated when considering specific problems regarding the weld-
ing process, such as phase and structural change, welding heat input, weldment crystallisation,
and location of liquidus and liquidus surfaces. Equation (7) will be solved by applying the
Galerkin method. The whole procedure is described in ref. [10].

Volume Visdivided into E finite elements, each having p nodes. Assume the change
in T for each element e as:

Te(X, 1) = NE ()T (1) €©)
where T&(X, t) is the temperature distribution inside element e, N,(x) — the interpolation func-
tion, and T, — the nodal temperature. The partial differentials are:

k
ore _ON* CLRNTS (10)
ox! ox! t

where N¥isthematrix of the order n x r (n—space dimension, r —number of elements). By multi-
plying eq. (7) by weight function chosen to beidentical to N¥, and integrating over each finiteel-
ement, i. e. by applying the Galerkin procedure, we obtain:

Tk = NKT,,

j (k_}rcgv ol [N¥QV =0 (i=12.... p) (11)
oxi ox!
By applying the Gauss' theorem, the first term may be written as:
J. (k—ijdV_ J.k—deV+J.ka—T_nideS (12
oX! ox! oxX!

The surface integral over §is d|V|ded into Se, Sg, and S¢, according to boundary
conditions (fig. 1). The surface integral in eq. (12) over S¢ equals 0. Boundary conditions over
surfaces S§ and SSaregivenineq. (8), and thesurfaceintegral in eg. (12) satisfiesthese bound-
ary conditions, so we write:

oT
Ik “—niNKdS =~ [ gsNKdS, - [ h(Ts ~T.)N*dS; (13)
setse S S5
The discretized heat conduction equation is further written in matrix form:
. . k.
CHT, +(KS +K9)T; -Rk =0 (14)

Rk =Rk — Rk — Rk (15)



Kalaba, D., et. al.: Thermomechanical Modeling the Resistance Welding of ...

THERMAL SCIENCE: Year 2010, Vol. 14, No. 2, pp. 437-450 441
where CH is the heat capacity matrix, K and X =z S, Temperature T,
Kl‘? are the matrices of heat conduction and con- e

vection transfer, in respect, and R, RS, Rk, and s,

Rk are vectors of the heat load, due to volume
heat source, heat flux, and convection, respec-

tively. Equation (14) can be solved by explicit / _

or implicit procedure [11], so we can determine et % N et
temperature values among nodes, or the temper- -
ature distribution. =z

Phase change is a characteristic of the weld-
ing process accompanied by the release of la-
tent heat. This process demands for specific Figure 1. Domain and boundary conditions
modifications to the numerical procedure for
solving the heat conduction equation. Thisisusually simulated by an additional heat sourceina
part of the domain between solid and liquid, and solution accuracy isstrongly affected by thelo-
cation of these domains. However, itis more suitable to simulate |atent heat release by applying
one of three alternative methods shown here.

The first method assumes latent heat as a part of heat capacity [1], simulating its re-
lease as a discontinuity of pc. Thus, latent heat release is uniform. This method requires afine
mesh of finite elements and short time-steps.

The second method uses enthalpy to describe latent heat, accordingly pc = dh'/dt,
where h' is specific enthal py —acontinuous function of temperature as opposed to heat capacity.
The enthalpy relation is ssmply applied by re-
placing the differential with finite quantities, as
pC = Ah'/At.

In the third method, the release of latent heat
isassumed from afictitious heat source volume
of certain nodes of thefinite element mesh[12].
Intensity of this source is equal to the release
rate of the phase-change energy.

x'=z

Theoretical analysis of residual stresses

Residual stressesare defined here asthermal
stresses caused by non-uniform heating and
cooling of the welded joint [9]. More detailed
explanation is given in fig. 2, where the spatial
and time distribution of temperature and stress
(in the transverse direction) are illustrated for
four characteristic stages of the resistanceweld-
ing cycle (A, B, C, and D). The first stage (A)
involves the positioning of the two parts for
welding, and no thermal stresses are generated
sincethereisnoinfluence of heat. In the second
stage (B), the electrodes are brought to the sur-  igure 2. Distribution of temperature and
face of the metal sheets and a dlight amount of  residual stressesin the welding cycle
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+o[Nmm-2] pressure is applied, causing compressve
75 stressesin metal sheets. These stresses are pro-

portional to theforce applied for welding. Inthe
third stage (C), the current from the electrodes
isapplied briefly and the temperature increases
to melting point at contact locations. Due to the
high increase of temperature in this stage, the
compressive stress increases as a result of ther-

T 4

20 mal expansion of the material. In the liquid
5 15 zone of the material, stresses are practically
o [Nmm”2] zero since there is no resistance to thermal

forces. In the fourth stage (D) the welding cur-
Figure 3. Stress-strain and stresstemperature  rent isremoved and the acting force stops. The
dependence at welded joint centre [13] material coolsand tends to shrink in the central
cross-section. This is suppressed by the sur-
rounding materia with much lower temperature gradients. So the situation is oppositein behav-
iour to that in stage B. Thus, tensile stresses may arise that are balanced by remote compressive
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Figure 4. Temper atur e dependence of material characteristics for the PbSh 2 alloy
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stresses. When the parts have cooled completely, with no temperature gradients in the welded
zone, material behaviour is basically the same as in stage D, but with much higher tensile
stresses, since the material’ s resistance to thermal forces is much higher at lower temperature.

Based on the explanation of the appearance of residual stressesin resistance welding,
disregarding the presence of working stresses during the welding processitself, the temperature
dependence of material propertiesisobvious. Thisfact iseven more pronounced when stressvs.
temperature and stressvs. strain are analysed at the centre of weldment cross-section, fig. 3, and
disregarding working stress.

Thewe ding cycleisdenoted by points 1-4 on both diagrams (fig. 3), and the cooling cy-
cle by points 4-6. The decrease in modulus of elasticity with rising temperature explains the
non-linearity of the stress-strain curve between points 1 and 2. Point 2 correspondsto yield stress,
followed by a declinein stress, because the yield stressis reduced by further heating of the mate-
ria up to point 3when it reaches zero. Stresses have diminished up to point 4, but significant plas-
tic strain gradually arises. The elastic strain recovers during the cooling cycle, and tensile stress
appears and grows non-linear due to the rise in the elasticity modulus as the temperature lowers
(4-6). Point 6 denotes the end of the welding process with residual stresses and strains.

Infig. 4, the temperature dependences of PbSh 2 aloy properties areillustrated (yield
stressand tensile strength, fig. 4(a), modulus of elasticity, fig. 4(b), Poisson’ sratio, fig. 4(c), and
the linear thermal expansion coefficient, fig. 4(d). As already stated, yield stress and elasticity
modulus decrease with temperature, so that yield stress is practically zero at 250 °C, while at
700 °C material stiffness diminishes (modulus of elasticity equals 0). Other PbSb aloysfor re-
sistance welding (from PbSh 1 to PbSb 4) have a similar behaviour.

Application of the finite element method to residual stresses

The basic procedure of the finite element method application to residual stress evalua-
tion is essentially the same as for the heat conduction problem [9] and includes domain
discretization (division into finite elements), interpolation of all quantities inside finite ele-
ments, integration over each element, and solving of the resulting equation system. The major
differences are in the equations to be solved, because displacement is the independent variable
intheresidual stress problem instead of temperature, the static equilibrium equations are solved
instead of heat conduction equations, and material behaviour isdescribed by the stress-strain re-
lation instead of the Fourier law. So, it is necessary to introduce isoparametric interpolation
functions for displacements as follows:

ui(xJ, t) = NK(xJ)ui (t) (16)

whereu'(X, t) isthe displacement distributioninside an element, t —thetime, N(x) —theinterpo-
lation function, ui (t) — the nodal displacement, and X' — the Descartes co-ordinates. Now, we

write:
_ouk  ONKk
& = ot uf = Nfuf a7
where N kis the matrix of the order n x r (n —space dimension, r — number of element nodes).

Geometrical non-linearity is neglected asajustified assumption for the problem considered. On
the other hand, material non-linearity cannot be neglected, leading to the expression for total in-
cremental strain comprising the elastic, plastic, and thermal components.

Ao =08 + S +5,,dsT (18)
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The elastic strain is related to the stress by the following equation (Hooke' s law):
do"ij = Eijkﬂd‘gl?f (19)

where doj; is the stress tensor increment, and E;, — the elasticity tensor.

Plastic strain may be expressed by applying the theory of incremental plasticity, taking
into account the normality condition, the von Mises yield criterion and the material strain
strengthening assumption: 3P

dgiﬁ’ =§—6‘Sij (20)
o_e
where §; is the stress deviator tensor, and dfi? and o, are the equivalent plastic strain increment
and stress, in respect, given by:

f3 3

Thermal strain, de', can be expressed as follows if the transformation platicity is ne-
glected:
dcT =adT (22

where « isthe coefficient of linear thermal expansion, and dT — the temperature change.
Solving matrix equations
An explicit procedureis applied for the numerical integration of differential equations

based on initial temperature distribution, T, = T(x, 0). If the time derivative of the temperature
vector in eg. (14) iswritten as:

T _AT :M (23)
At At
where At isthe time interval. Then eq. (14) may be written in explicit form:
CH(T), —T))+ (K +KJ)T) At=RkAt 24)

CHTJ, =CHTJ +RKAt — (K¥ + KJ)T] At

Theexplicit procedure saves much cal culation time dueto the direct linking of unknown
variablesin two successive steps, T, ., and T,,. However, two requirements need to be fulfilled:
- (K8 +K})isadiagona matrix [14], and
— procedure stability dependson thetime-step that should be adopted to be extremely short [15].

Thermomechanical modelling applied for analysis of
resistance spot welding of PbSb alloy

Problem definition

We shall define the mathematical modelling of resistance spot welding of PoShb alloys
using the example of the welding process on stacked positive and negative battery plates
(lead-acid battery cells) in the assembly of the polypropylene (PP) battery case, fig. 5.

Stack assembly is produced by an automatic machine, and welding is performed
through PP case walls across the intercell connector. The welding machine is equipped with a
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hydraulic unit that provides a constant welding
force, and a power unit for the metal fusion
process. It is possible, within limits, to vary
pressureforce, current, voltage, and time of the
welding process.

The welding cycle is comprised of three
stages (compressing, welding, and holding) and
may last within 1 to 50 periodsor, from 0.02 sto
1s. The welding force can change from 0.5 kN
to 1.5 kN. The basic resistance spot welding cy-
cle of the PbSb alloy isshown infig. 6.

The time and welding force may differ for
various PbSh alloys. Battery cells are made of
PbSb or PbCa alloys of various content, de-
pending on the battery type. The chemica
composition of a battery cell aloy directly af-
fects the chemical composition of the intercell
connector to be resistance spot wel ded and will
serve as an illustration for the numerical simu-
|ation of the resi stance spot welding of intercell
connectors made of several PbSb alloys.

Material for battery intercell connectors

The material for battery intercell connectors
isthe PbSb alloy. The most common chemical
composition is given in tab. 2. Other aloying
elements that are given in tab. 2 have no con-
siderable effect on thermal, mechanica and
electrical properties of the aloy.

Physical model

The physical model is a designated
intercell connector with all the necessary ele-
ments for the welding behaviour as a whole.
Assuming that the behaviour of every
intercell battery connector during welding is
almost the same, the connector showninfig. 7
is adopted as the problem domain. The resis-
tance welding process is modelled as a heat
transfer process with initial and boundary
conditions.

The initial condition is given as a tempera:
ture distribution T, = 20 °C at t = O over the
wholedomain. Boundary conditions are defined

Figure 5. Resistance spot welding of battery cells
(1) — welding machine; (2) — PP case, (3) —intercell
connector, (4) — battery cell stack

Fuy1,10° [A]
[KN]

1.2 /

il
L L

Figure 6. Theresistance spot welding cycle
t, —compression time, t,, — welding time,
t, —holding time

Table 2. Chemical composition of the PbSh alloy

1 SDS 328 | 043 | 017 |96.12
2 SD 34 | 006 | 0.24 |96.3
3 A4 267 | 012 | 0.26 [96.95
4 DD 2 0.27 | 0.17 |97.56

Figure 7. Initial and boundary conditions
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for: the air boundary as heat convection from the PoSh alloy into air of temperaturet, = 20 °C; the
electrode boundary as hest is conducted through the PoSb aloy during welding, and later as hest is
also convected from the PoSh aloy into air; and the boundary where two elements comeinto contact
and at the part of thewall case, acting asan adiabatic boundary. At the boundary of two elements, the
hest |oad consists of heat flux of contact and ohmic resistances, and the hest |0ad at el ectrode domain
contact boundary — as heat flux of metal sheet electrode contact resistance. The equation and heat
convection coefficient need to be defined for heat transfer by natural convection from PbSb aloy
into surrounding air.

Heat istransferred from the case wall into surrounding air by free flow. In general, the
freefluid flow equation (along and around geometrical shapes) applied for thisspecial caseis:

Nu = 1.18 GrPr (25)
and it enables the determination of the convective heat transfer coefficient:
h= ¥ [Wm-2°C1] (26)

whereL isthe characteristics of geometry [m], and A —thethermal conductivity of air [Wnrt°C.
The change of the convective heat transfer

coefficient depending on the battery case wall

o2 — temperature is shown in fig. 8.
§1'° — A particular problem represents the part of
£.08 the analysed battery intercell case, whichin fact
g‘i / is 3-D, and analysis of 3-D problems is very
02 complicated and demands application of high
' capacity computers. Reducing 3-D to a 2-D

20 50 100 150 200 250 300 350 , i .
T, [°C] problem is emphasized in this example having

in mind the dilemma of representing the model
as planar or axis-symmetrical. Namely, bound-
ary conditions may be planar, while the body
shape (the cylindrical part in particular) has axis symmetry. However, since the planar part
could not be included within the same meridian section, thus the axis-symmetrical representa-
tion isdisregarded. All in all, specific details of the resistance spot welding process must bein-
corporated into this physical model.

The resistance spot welding is usually characteristic in the appearance of molten weld
splashes or bursts, because of therapid heating in phase change temperature ranges. Multiplein-
crease of heat capacity inrelatively short temperatureinterval s (around 300 °C) apparently hasa
considerable effect on the rapid change of temperature, and may create high local stresses and
cause splashes and bursts. Principally, a similar analysis might include the stress state in the
welding zone by solving an appropriate el astic-viscous-plastic boundary problem.

Figure 8. Case wall temperature dependence of
the heat conductance coefficient

Methodology of problem solving and
resistance spot welding specifics

Solving the non-stationary non-linear equation is principally explained [10], where a
detailed analysis recommends use of explicit time integration over short time-steps, and with a
reduced specific heat matrix. Based onthe knowninitial temperature distribution, afurther inte-
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gration over time is made according to the scheme given by eq. (24). Theindex “n” in eq. (24)
correspondsto initial state, and index “n +t” to thefinal state within the n'" time-step. The heat
conductivity matrix (K9 + Kr'j’ ), the reduced specific heat matrix C¥, and the heat load vector
R¥, all change with each time-step depending on the previous temperature distribution. For aho-
mogeneous isotropic material, an automatic alteration of all necessary matrices and vectorsis
made simple by embedding functional temperature dependences of corresponding material
properties. The time-step needs to be sufficiently short in order to achieve stability of the ex-
plicit scheme. In this case, sufficiently short means:
M, <2 o
S max

whereé .. isthemaximal valuein the corresponding problem of eigenvalues[14]. Theeigenvalue
problemisnot difficult to formulate and solve, but requires additional effort and calculation time,
and additiondly, &, aso
changes with each calcula
tion step. Hence, the authors Total
estimate is to decide upon
At, value in advance and
based on the anadysis in | coarsestep| 10x0.001 | 99x0.01 | 90x 0.1 |590x 1| 600(s]
tab. 3.

Most of the calculation timeis spent for matrix mul-
tiplication, e. g. (K& +K/9)T,J in eq. (24) needs spe-
cia attention so to avoid unnecessary multiplication
with a mgjority of zero dements in (K +K/9). A
rough estimate for an approximately rectangular do-
main discretised with a 60 x 60 node mesh implicates
there are about 98% zero elementsin the heat conduc-
tivity matrix. In other words, only 1/60 locations are
occupied in the matrix that are multiplied by T,/ .

Solidus and liquidus positions are determined
based on temperature distribution, and yet their loca-
tions also influence the temperature distribution. This
conjugate system requires an extremely short
time-step, independent of procedure stability, thus
justifying that At = 0.001 s as the welding interval
[16]. It seems beneficiary to linearize the problem in
this way than to apply complicated procedures for
solving non-linear problems, i. e. Newton-Rason
method. Temperature distribution in each time-step is
given for nodes and it is quite difficult to determine  Figure 9. The finite element mesh — fine
liquidus and liquidus locations. liquidus and liquidus
lines are required to pass through nodes in order to define asolid, liquid, or mixed state in each
finite element. It is clear that this can be achieved only approximately, and that the number of
nodes, or the finite element mesh, considerably affect accuracy. A triangular finite element
mesh is used here and shown in fig. 9, with a constant temperature gradient inside the finite el e-
ments, and with pre-selected point locations (T1-T5).

Table 3. Time-steps (no. of steps x time[9])

Finestep | 100x 0.001 [ 990 x 0.01 | 500 x 0.1 |540 x 1| 600 [s]
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Results for spatial and time distribution of temperature

Results of thermal calculation obtained according to the defined procedure are illus-
trated in figs. 10(a)-(d) showing isotherms at certain time intervals, and in fig. 11(a) and (b)
showing diagrams of temperature-time dependencefor two of the selected locationsinfig. 9. All
of theseresults are for alloy A4 (see tab. 2).

Adequate contact surface geometry (spherical shape) has accomplished the initial
melting point to be reached at welding zone centre, and not at its perimeter (circumference) asit
is achieved when classical resistance spot welding is performed [17].

160

T e ] 300 oo
60
80 0 ) B
60 4t 0 \\ :
i /_%
35
30
PR 20
\/V\/
L (d)

Figure 10. Spatial temper ature distribution
(@t=0.001s (b)t=0.1s(c)t=1s,(d)t=60s

Figure 11. Temperature-time dependence at points T1 (a) and T5 (b)
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Conclusions

The degree of knowledge and understanding of the complex phenomena in thermal,
mechanical, and electrical processes that determine the welding process, as well as acquiring
data on mechanical and metallurgical properties of the applied techniques conducted at high
temperatures are the crucial factors in the process of creating and finalizing the mathematical
model. Of particular importanceisthe necessity to accumulate and have quality data of physical
and mechanical propertiesof metalsat temperatures closeto melting, or more precise, at temper-
ature intervals within the liquidus and liquidus lines.

The applied mathematical method enabled efficient and qualitative analysisregarding:
e temperature field determination and its influence on the welding process, (eq. 24), and
e application of real intermediate conditions (particularly boundary conditions) in the initial

stage of the mathematical analysis, whereas possibilities for errors are reduced during the
creation of the analytical model.

The model for resistance spot welding of PoSh alloysis developed with respect to the
real geometry of the welding zone, and physical and metallurgical properties of PbSh aloysand
electrode material. The model takes into account phase transformation in the region of liquidus
and liquidus temperatures, or latent heat transformation. Contact resi stances on contact surface
zones:. electrode-metal sheet, and sheet-sheet are analytically involved, while the influence of
the actual welding force has proved to be negligible.

References

[1] Crivelli, L. A., Idelshon, S. R., A Temperature-Based Finite Element Solution for Phase-Change Prob-
lems, International Journal for Numerical Method in Engineering, 23 (1986), 1, pp. 99-119

[2] Lazaridis, A., A Numerical Solution of the Multidimensional Solidification (or Melting) Problem, Inter-
national Journal Mass Transfer, 13 (1970), 9, pp. 1459-1477

[3] Sikarskil, D. 1., Bally, B. A., The Solution of a Class of Two-Dimensional Melting and Solidification
Problem, International Journal Solid Structure, 1 (1965), 2, pp. 207-234

[4] Orlov, D., Technology and Equipment of Contact Welding (in Russian), Mashinostroenie, Moscow, 1975,
and 1986

[5] Nakata S, etal., In-ProcessQuality Control of Spot Weld by Detecting V oltage between Electrode Tips—
Adaptive Control for Quality Assurance of Resistance Spot Weld in Real Time (2™ report), [1W Doc.
111-719-82, 1982

[6] Nied, H. A., The Finite Element Modeling of the Resistance Spot Welding Process, Welding Journal, 63
(1984), 4, pp. 123s-132s

[7] Rice, W., Funk, E. J,, An Analytical Investigation of the Temperature Distributions during Resistance
Welding, Welding Journal, 46 (1967), 4, pp. 175s-186s

[8] Sedmak, A., Numerical Simulation of the Welding Process — | part: Temperature fields (in Serbian),
Zavarivanje i zavarene konstrukcije, 41 (1996), 1, pp. 5-12

[9] Sedmak, A., Numerical Simulation of the Welding Process — |l part: Residual stresses (in Serbian),
Zavarivanjei zavarene konstrukcije, 41 (1996), 2, pp. 131-137

[10] Kalaba, D., Thermomechanical Modelling of the Resistance Welding Process of PbSh Alloy (in Serbian),
Ph. D. thesis, University of Pristina, Faculty of Mechanical Engineering, Pristina, Serbia, 1998

[11] Berkovi¢, M., Maksimovi¢, S., Sedmak, A., Analysis of Welded Joints by Application of the Finite Ele-
ment Method (in Serbian), in: IFMASS 3 “Fracture Mechanics of Welded Joints’ (Ed. S. Sedmak), Lec-
tures presented at the Third International Fracture Mechanics Summer School, Arandjelovac, Serbia,
1984, GOSA Institute and Faculty of Technology and Metallurgy, University of Belgrade, pp. 111-128



Kalaba, D., et. al.: Thermomechanical Modeling the Resistance Welding of ...
450 THERMAL SCIENCE: Year 2010, Vol. 14, No. 2, pp. 437-450

[12] Bon, E., Nigro, L., Sanpietri, C., Numerical Solution of Thermal Processes with State and Phase-Change:
The Computer Code Aten-2D, Proceedings, ICNMNL Problems, Dubrovnik, Yugoslavia, 1986, pp.
951-963

[13] Easterling, K., Introduction to the Physical Metallurgy of Welding, Butterworths Co., London, 1982

[14] Huebner, K. H., Thornton, E. A., Finite Element Method for Engineers, 2" ed. John Wiley & Sons, New
York, USA, 1982

[15] Sahm, P., Numerical Simulation and Modelling of Casting and Solidification Processes for Foundry and
Cast-House, CIATF, Zirich, Switzerland, 1984

[16] Bathe, K. J., ADINAT-A Finite Element Program for Automatic Dynamic Incremental Nonlinear Analy-
sis of Temperatures, AVL Report 82442-5, Mechanical Engineering Department, M.1.T., 1977

[17] Bentley, K. P., Greenwood, J. A., Knowlson, P. M., Backer, R. G., Temperature Distribution in Spot
Welds, British Welding Journal, 10 (1963), 12, pp. 613-619

Paper submitted: December 10, 2009
Paper revised: December 11, 2009
Paper accepted: December 16, 2009



