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A three-dimensional thermal model for resistance spot welding in aluminum is presented. The numerical model,
validated with experimental � ndings, considered phase change and the associated weld pool convection. A para-
metric study was performed to determine the in� uence of welding features such as welding current, faying surface
(workpiece contact surface) electrical contact resistance, and electrode–workpiece (E/W) thermal contact conduc-
tance. These parameters have signi� cant effects on the nugget and heat-affected-zone geometry. The phase change
morphology, including melting and solidi� cation rates and weld pool dynamics, was also signi� cantly in� uenced
by the parameters studied. The strongest convection was observed at the center of the molten pool in a vertical
plane, aligned with gravity. Although two prominent convection cells developed, the phase change morphologywas
not signi� cantly affected by convection due to the short welding time (less than 0.1 s) and low � uid velocity (smaller
than 0.01 mm/s). The nugget grew nonlinearly with increasing current and faying surface electrical contact resis-
tance, whereas it diminished with increasing E/W thermal contact conductance. The in� uence of electrical contact
resistance at the faying surface on nugget size was less pronounced than that of the other parameters. The length
of time that the weld pool existed was directly proportional to current and indirectly proportional to E/W thermal
contact conductance.

Nomenclature
A = porosity function for the momentum equations
C = morphology constant
C p = speci� c heat, J/kg-K
g = acceleration due to gravity, m/s2

h = convective heat transfer coef� cient, W/m2-K
hs = sensible enthalpy, J/kg
ĥ = total enthalpy, J/kg
I = welding current, ac, A
Im = maximum peak value of ac current, A
k = thermal conductivity,W/m-K
L = latent heat of fusion, J/kg
n̂ = direction normal to a surface
Q = volumetric source term for heat generating

control volumes, W/m3

R / = static contact resistance, X
r = radial distance from electrode axis, m
re = electrode radius, m
T = temperature, K
t = time, s
Ue = electrode to workpiece conductance,W/m2-K
u, v, w = velocity components in x , y, and z directions, m/s
X L = length of calculation domain, m
x, y, z = coordinates
YL = height of calculation domain, m
Z L = width of calculation domain, m
a = thermal diffusivity,k / q C p , m2/s
b = volumetric coef� cient of thermal expansion, 1/K
c = liquid fraction
D H = nodal latent heat, J/kg
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d = gap between workpiece surface and coolant, m
e = porosity of computational cell, D H / L
e f = separation gap at faying surface, m
k = relaxation factor
l = dynamic viscosity, N-s/m2

q = density for momentum equation and capacitance
for energy equation, kg/m3

r = electrical conductivity,mho

Subscripts

cl = coolant
e = electrode
m = melting point
wp = workpiece
wps = workpiece surface
/ = ambient

Introduction

R ESISTANCE spot welding (RSW) is a widely used joining
process that involves complex heat and mass transfers com-

bined with electrical, mechanical, and metallurgical phenomena.
The metal sheets to be joined are brought together under pressure
bya pairofwater-cooledelectrodes.A high electriccurrentis passed
throughthe metal sheetsbetween the electrodesfor a short duration.
The � ow of current through the contact resistance at the faying sur-
face and jouleheatingin themetal sheetsproducea moltenweldpool
at the interface. Conduction through the electrodes and free surface
convection to the ambient air cool the workpieces.The metal sheets
are then joined as the weld pool solidi� es. Although RSW has been
extensively studied, nearly all efforts have focused on steel sheets.
Aluminumtypicallyhas higher thermal and electricalconductivities
and varied metallurgical properties and oxide layers that in� uence
electrical contact at the faying surface. These differing properties
result in drasticallydifferentmelting and solidi� cation rates, nugget
shapes, heat-affectedzones, and weld pool dynamics.

Heat transfer with phase change is an important aspect of re-
search into RSW, which involves melting and solidi� cation of the
metal workpieces. Viskanta,1 ¡ 3 Yao and Prusa,4 and Fukusako and
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Yamada5 provideextensiveliteratureon differentaspects of solidi� -
cation and melting heat transfer. Brent et al.6 numerically predicted
the melting and solidi� cation of pure metal. Computational cells
undergoing a change of phase were modeled as pseudoporousme-
dia with porosity, ranging between one and zero, as a function of
the change of nodal latent heat. Gau and Viskanta7 experimentally
studied the melting of gallium in a two-dimensional cavity. Brent
et al.6 predicted similar results from their numerical model for the
melting of gallium.

Nugget growth during the RSW process can be predicted using
an ef� cientmeltingand solidi� cationmodel. Gould8 studiednugget
growth during RSW in steel with a one-dimensional, � nite differ-
ence model and comparedhis predictionswith experimental results.
The differencebetweenthepredictedand themeasurednuggetthick-
nessesand the nuggetgrowth was suggested to be due to the model’s
inability to account for radial heat � ow into the workpieces and un-
derestimation of the heat generation at the faying surface. Neid9

and Tsai et al.10 modeled resistance spot welding in stainless steel
using the � nite element technique.Both studies were primarily ap-
plied toward understandingthe thermal–mechanical interactiondur-
ing electrode squeezing. Tsai et al.10 studied the effect of unequal
workpiece thickness, as well as the effect of dissimilar materials on
nuggetgrowth and shape.Both of the models9,10 were axisymmetric
conduction models.

Browne et al.11 developed an axisymmetric model for resistance
spot welding in aluminum alloys. Their simulation included joule
heating and thermal conduction,as well as elastic–plastic mechani-
cal deformation. It was shown that the value of the contact resis-
tance and the faying surface contact area that caused the interfacial
heating had a large effect on nugget formation in the RSW of alu-
minum. Wei and Ho,12 Wei and Yeh,13 and Wei et al.14 published
a series of papers on thermal modeling of spot welding in steel. A
conductionmodel was used to compare the calculated weld nugget
growth, thickness, and shape with experimental data.12 Fluid pat-
terns, temperature � elds, and solutedistributionsin the liquid, solid,
and mushy zones were investigated for RSW.13 Property variations
were shown to strongly affect the nugget growth, and the maxi-
mum weld pool velocity reported was about 5 mm/s. The authors14

presented the effect of electrode radius and cone angle, parameters
governing electric current, electrical conductivity ratio, and elec-
trical contact resistance on transport phenomena during resistance
spot welding. They used the � nite difference technique and the as-
sumption of axisymmetry in the aforementionedmodels.

RSW is used in a variety of systems includingautomobile,space-
craft, shell, and tank manufacturing. Experiments of RSW are te-
dious due to the high current involved (greater than 20 kA for alu-
minum) and the fast processing time (6–12 cycles). The RSW of
aluminum is more complicated than that of steel due to factors
including electrical and thermal conductivities, Young’s modulus,
dynamic contact resistance, plastic temperature range, and thermal
expansion.15,16 The higher electrical and thermal conductivitiesen-
counteredin aluminumalloysrequirethree to four times thewelding
current than that for steel sheets with similar thickness. Aluminum
is more susceptible to surface indention from electrode contact due
to its low Young’s modulus, approximately one-third that of steel.
The dynamic contact resistance, which changes with temperature
and the formation of various oxide layers, signi� cantly affects the
weldability of aluminum. Expulsion of the molten metal from the
weld pool is more likelydue to a narrowerplastic temperaturerange,
approximately93±C, comparedwith 583±C for steel.As a result, ac-
ceptable nuggets are more dif� cult to obtain and require precise
welding schedules. Finally, aluminum requires greater electrode
forces to contain the molten pool and to ensure workpiece con-
tact due to the higher thermal expansion.A signi� cant force is also
necessary to forge the molten pool during solidi� cation to prevent
crackingof theweld.Thus, a quantitativelyconsistentthermalmodel
is needed to provide insight into this joining process. Such a model
could be further extended to predict nugget formation in aluminum
alloys.

In the present study, a three-dimensional numerical model for
RSW is developed by applying the enthalpy porosity technique

described by Brent et al.6 To validate the numerical model, exper-
iments were performed on 1000-series aluminum sheets. A para-
metric study of various welding features including current, faying
surface electrical contact resistance, and E/W thermal contact con-
ductancewas performedwith the validatedmodel to providea better
understandingof RSW in aluminum.

System Model and Analysis
Figure 1 shows a schematic diagram of the RSW considered for

the presentstudy.The workpiecesare pure aluminumof equal thick-
ness. The copper electrodes are of length 1 with � at faces of radius
re. Each electrode has a coolant jacket 3 mm away from the E/W
interface. Heat transfer through the electrode is calculated numeri-
cally with a two-dimensional,implicit � nite differencemodel using
a constant thermal E/W contact resistance. A high welding cur-
rent passes through the workpieces between the electrodes, and the
resulting generated energy initiates a weld nugget at the faying sur-
face. The nugget forms primarily due to the heat generated by the
contact resistance between the workpieces and secondarily due to
joule heating of the sheets. A schematic diagram of the regions
that experience joule and interfacial heating is shown in Fig. 2. The
boundary conditions for the calculation domain are also presented.
Phase change is modeled with a single-domain, enthalpy-porosity
technique.Calculation of the phase change interface is implicit and
does not require an explicit phase-front tracking. Instead, the solid–

liquid interface is treated as a mushy zone with the width of one
control volume (isothermal melting). The details of this procedure
are provided in Ref. 6.

The � uid � ow is assumed laminar due to the small velocities en-
counteredin the presentstudy and as reportedin the literature.13 The
Reynolds number, based on the maximum obtainedvelocity and the
workpiece thicknessas the length scale, is less than 10. As in Ref. 6,
the Boussinesq approximation for natural convection is considered

Fig. 1 Schematic diagram of resistance spot welding and coordinate
system.

Fig. 2 Central vertical cross section for calculation domain and boun-
dary conditions (schematic).
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Fig. 3 Weld schedule used for resistance spot welding; maximum am-
plitude Im 45 kA.

to be valid. A suitable weld schedule was adapted for the experi-
ments of 1000-seriesaluminumutilizingthe current shown in Fig. 3.
The same weld schedule is used for the parametric study. Current
density is assumed to be uniform across the area of contact acting
along the electrode axis. Electrical conductivity of the workpiece
is considered to be a function of the temperature, reducing asymp-
totically to the melting temperature where it is de� ned as constant
in the liquid region. The effect of electrode pressure and surface
conditionon the electricalcontact resistance is not consideredat the
present time. Heating due to contact resistance at the E/W interface
is ignored because experimental measurement has shown that it is
low compared to the faying surface contact resistance.17 The effect
of surface tension is not taken into account because the molten pool
formed during phase change does not have any free surfaces.

Governing Equations

With the preceding assumptions, the time-dependent conserva-
tion equations for mass, momentum, and energy can be written as
follows.

Continuity:
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Z momentum:
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where A is given by

A =
¡ C(1 ¡ e )

e 3 + b
(5)

where C is a constant for a given material and a value of 16 £ 104

is chosen to allow signi� cant � ow in the mushy region while sup-
pressing � uid velocities in the solid region and b is a small number,
10 ¡ 4, used to prevent the � oating point over� ow. The source terms
Au, Av, and Aw on the right-hand side of the momentum equations
were used to model the � ow through the porous medium within the
solid–liquid interface.6 For the simulation of isothermal melting,
the existence of porous media is hypothetical and used to extin-
guish the velocities from the liquid to solid regions in a gradual
fashion. This ensures a faster convergence.6

Energy:
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@

@y
( q vĥ) +
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The enthalpy ĥ can be written as a summation of the sensible com-
ponent hs =C pT and the latent heat component D H , so that the
total enthalpyis de� ned as ĥ = hs + D H . For an isothermalmelting
problem, the latent heat component D H is given by the following
function:

D H = { L , if T > Tm

0, if T < Tm
(7)

Substituting this expression into Eq. (5) the following � nal form of
the energy equation is formulated:
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Heat generationat the fayingsurfacewas consideredas a volumetric
heat source with a small effective thickness (0.05 mm) (Ref. 12). A
cylindricalshapedsolid(of radiusre)within theworkpiecesbetween
the two electrodeswas consideredto act as a sourcefor jouleheating.
All of the control volumes that take part in heat generation had an
additional term Q (volumetricheat source) on the right-handside of
theirenergyequation(8).Controlvolumes(exceptthe fayingsurface
control volumes) that take part in joule heating had the additional
volumetric heat source term

Q =
I 2

p 2r 4
e r

(9)

where I = Im sin(120p t ) represents the maximum amplitude of the
ac current.The faying surface control volumes participated in joule
heating in addition to generating heat due to current � ow through
the electric contact resistance. The contact resistance was assumed
to vary as a linear function of temperature.8,13,18 The additional
volumetric source term for the faying surface control volumes is
given by

Q =
I 2

p 2r 4
e r

+
I 2 R 1

p r 2
e e f ( Tm ¡ T

Tm ¡ T1 ) (10)

where the terms represent joule heating and interfacial heating due
to contact resistance, respectively.

Calculation Domain and Boundary Conditions

A 20 £ 20 £ 2.09 mm solid domain havinga 50-l m initial, effec-
tive gap between the workpieces was de� ned for the spot welding
model. A schematic diagram of the central vertical plane for the
workpiececalculationdomain and boundariesis presentedin Fig. 2.
The outer surfaces of the workpieces that were not in contact with
the electrodeexperiencednaturalconvectionwith the ambient.Heat
losses due to the convection of air at the boundaries are de� ned as
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follows with a constant, average convection coef� cient h based on
the representative D T :

h(Twps ¡ T1 ) = ¡ kwp ( @Twp

@n̂ ) (11)

A major heat loss resulted from the conduction of heat through
the electrodes. The electrodes have coolant jackets that extracted
the heat generated within the workpieces. Heat transfer from the
workpieces to the electrodes is given by the following:

Ue(Twp ¡ Te) = ¡ kwp ( @Twp

@n̂ ) (12)

The initial workpieces and electrode temperatures were assumed
to be the ambient temperature. This is a reasonable approximation
of the actual conditions experienced in resistance welding because
the heat dissipates rapidly from copper to the coolantwater � owing
through the electrodes.

Numerical Procedures

The momentum and energy conservation equations were solved
numerically, utilizing the iterative SIMPLER algorithm.19 This al-
gorithm was based on the fully implicit � nite volume technique.
The latent heat content of each control volume was updated af-
ter each iteration, using the temperature � eld predicted by the en-
ergy equation.6 A thorough grid re� nement test was performed by
successively re� ning the mesh. A comparison of the solution for
meshes consisting of 121 £ 43 £ 121 and 99 £ 43 £ 99 nodes is
documented. The temperatures within the molten region differed
by a maximum of 1.5%, whereas those of the solid region ranged
from 0 to 5% with isolated, anomalous points of 5.8% difference.
The maximum temperature difference, occurring at a few isolated
nodes along the interface of the solid and liquid regions at the fay-
ing surface, is 7.8%. These differences lead to the comparison of
molten pool volumes. Whereas the molten pool thicknessesagreed,
the diameters varied by a maximum of only 3.8% at the faying sur-
face. As a result, the 99 £ 43 £ 99 con� guration was used to model
the workpieces. Control volume nodes were uniformly distributed
in the x and z directionsbut nonuniformlydistributedin the y direc-
tion due to the presence of the interfacial effective gap e f between
the workpieces. The electrodes were modeled in two dimensions
using a uniform mesh of 23 £ 43 nodes. Fully implicit, dynamic
time stepping was developed to use ef� ciently computer resources
and to prevent divergence. The initial time step, set at 1 £ 10 ¡ 5 s,
was adjusted after every 25 steps based on the average iterations
required for convergenceand state of the welding current. The time
steps were limited while the current increased,up to 3.75 cycles, but
allowed to grow while the current decreased, after 3.75 cycles. A
restart � le was used to restart the program in the event of diverging
iterations. In this situation, a ceiling was established at approxi-
mately 80% of the diverging time step. When the time step reached
this ceiling, it was not allowed to increase further for approximately
500 steps. In this manner, optimum time steps were determined by
the program for each run of the parametric study. The relaxation
factors used for the momentum and energy equations were 0.2 and
0.9, respectively. The pressure and pressure correction equations
were not relaxed at all. Convergence was declared for temperature
when the D T between successive iterations fell below 1 £ 10 ¡ 4 .

Results and Discussion
A parametric study was performed to determine the in� uence of

various welding parameters including current, faying surface elec-
tricalcontactresistance,E/W thermalcontactconductance,andE/W
contact area. Weld pool dynamics during nugget formation, veloci-
ty � elds in the molten pool, and trends of nugget growth were also
investigated.Experimentswere performedon1.04-mm-thick,1000-
series aluminum sheets to validate the proposed RSW model. The
weld schedule (Fig. 3) was used with the maximum amplitude of
45-kAalternatingcurrent.Cone-shapedelectrodeswith 18-degcone
angles and 2.0-rad spherical faces (approximately 9.90-mm-diam

tip) were used in the experiments.A summary of the different cases
studied is listed in Table 1. Cases A, B, and C were used to illustrate
the in� uence of E/W contact conductance; cases A, D, E, and F to
show the effects of welding current; and cases A, G, and H to in-
vestigate faying surface electrical contact resistance.The numerical
results of pure aluminumare comparable to the experimental results
in Al 1000 because the purity is approximately 99%.

Test case A (Table 1) was used to compare the experimentally
obtainednugget geometry with that predictedby the numerical sim-
ulation.This case consisted of a static contact resistanceof 450 l X
at the faying surface,a thermal contact conductanceof 20 kW/m2-K
at the E/W interface, a 45-kA maximum alternating current, and a
9.90-mm-diam � at-faced electrode.Tables 2 and 3 list the property
valuesandweldingconditionsfor the workpiecesand the electrodes.
The experimental and numerical results for case A are compared in
Figs. 4 and 5 for the nugget thickness and diameter, respectively.A
digital camera, with an aspect ratio of 1:1, was used to photograph
the cross-sectional views of the welded joints. The microhardness
indent shown in Fig. 5a is 0.652 mm in length. This indention was
used to measure the experimental nugget thickness and diameter.
The thickness and diameter of the nugget found from the experi-
ment are 0.532 and 2.466 mm, respectively, whereas those for the
numerical simulations are 0.426 and 2.246 mm, respectively. The
experimentalnuggetwas notperfectlyround,and therefore,an aver-
age diameter was used for the comparison.The experimentaluncer-
tainty in measuring nugget geometry using the Kline–McKlintock
method20 is determined to be about §3%. This uncertainty does
not include the uncertainty associated with the actual welding pro-
cess. The deviation of the numerical simulation from experimental

Table 1 Test cases for the parametric study of RSW

Resulting weld nugget
E/W contact Maximum

Test FCR, conductance, current, Thickness, Diameter,
case l X kW/m2-K kA mm mm

A 450 20 45 0.426 2.245
B 450 15 45 0.989 3.905
C 450 10 45 1.593 5.278
D 450 20 47 0.776 3.787
E 450 20 49 1.035 4.416
F 450 20 51 1.326 4.951
G 350 20 45 0.162 1.165
H 550 20 45 0.437 2.553

Table 2 Welding conditions for aluminum RSW

Property Value

Workpiece material Al 1000
Electrode material Copper
Ambient and coolant temperature, ±C 30.0
Separation gap between workpieces, m 5 £ 10 ¡ 5

Heat transfer coef� cient at workpiece 15.0
boundaries, W ¢ m ¡ 2-K ¡ 1

Heat transfer coef� cient at 1.0 £ 106

electrode-coolant hole, W ¢ m ¡ 2-K ¡ 1

Gap between electrode surface 3 £ 105

and coolant, m

Table 3 Properties of aluminum and copper

Property Aluminum Copper

Density, kg ¢ m ¡ 3 2,365.75 9,000
Volumetric thermal coef� cient 69.3 £ 10 ¡ 6 ——

of liquid
Thermal conductivity, W ¢ m ¡ 1 K ¡ 1 211.43 400
Melting point, ±C 660.3 1,357
Latent heat of fusion, J ¢ kg ¡ 1 397,000 ——
Speci� c heat capacity, J ¢ kg ¡ 1 1,339.78 390
Dynamic viscosity, kg ¢ m ¡ 1 s ¡ 1 1.286 £ 10 ¡ 6 ——
Electrical conductivity, mho ¢ m ¡ 1 —— 5.9 £ 107
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a) Experimental

b) Numerical

Fig. 4 Comparisonof experimentaland numerical nugget thickness in
the central vertical plane for RSW of 1.04-mm-thick aluminum sheets:
test case A.

� ndings is less than 18.0% for nugget thickness and 9.00% for the
weld diameter. This deviation arises mainly from errors in the ap-
proximation of the electrode geometry. The truncated cone elec-
trodes used in the experiments had spherical radius faces that re-
sultedin smallercontactbetween theelectrodesand workpiecesand,
consequently, higher current densities than modeled. Despite this
slight difference in electrode shape, the results show an acceptable
agreement.

Thermal contact resistanceoccurs at the E/W contact surface due
to surface roughness and oxide layers. The value of this thermal
contact resistance depends on the applied electrode pressure, the
type of metals in contact,and theareaof contact.21 ¡ 24 The electrodes
enhance solidi� cation of the weld pool by extracting most of the
heat generated within the workpiece. This heat transfer depends
on the thermal contact conductance at the E/W interface and, thus,
has a signi� cant effect on the melting and solidi� cation processes
involved in RSW.

The E/W contact conductance of case A was varied to 15 and
10 kW/m2-K in cases B and C. Figures 6 and 7 show the variation
of weld pool geometry in the vertical and horizontal planes passing
through the nugget center, respectively for case C. The weld pools
have elliptical shapes in the vertical cross section and are circu-
lar in the horizontal cross section. Figures 6 and 7 show the weld
pool shapes at the third, fourth, � fth, and sixth cycles, respectively.
The fourth cycle illustrates the largest weld pool (before the on-
set of solidi� cation) and, consequently, the actual nugget formed
for case C. The weld pool grows through the melting process until
cycle 4, when it begins to solidify. Both melting and solidi� cation
occur nonlinearly with time. Figures 8 and 9 show the effect of the
relativemagnitudeof E/W contactconductanceon thicknessand di-
ameter, respectively, for cases A, B, and C. Because � eld variables
were recorded at quarter cycles, note that melting began between
cycles 3.75 and 4.0, 3.25 and 3.5, and 2.75 and 3.0 for cases A, B,
andC, respectively.Solidi� cationconcludedbetweencycles4.5 and
4.75, 5.0 and 5.25, and 6.0 and 6.25 cycles for cases A, B, and C, re-
spectively. As the E/W contact conductance increased in value, the
initiation of melting was delayed, and solidi� cation occurred more
rapidly.This is physically reasonablebecause a higher contact con-
ductance allows more heat to be extractedby the coolant � uid in the
electrodes. The maximum weld pool thickness is found to be 0.99
and 1.6 mm at cycle 4 for cases B and C, respectively. However,
the maximum weld pool thickness found for case A is 0.43 mm at
4.25 cycles. The maximum weld pool diameters are 2.25, 3.91, and

a) Experimental

b) Numerical

Fig. 5 Comparison of experimental and numerical nugget diameter in
thecentral horizontalplane (alongthe fayingsurface) for 1.04-mm-thick
aluminum sheets: test case A.

Fig. 6 Variation of weld pool shape with time in the central vertical
plane for test case C.

5.28 mm for cases A, B, and C, respectively. The lower values of
E/W contact conductance result in larger nugget volumes.

Figure 10 shows the three-dimensional workpiece temperature
� eld for test case B (15-kW/m2-K) at cycle 4, sectioned for clarity.
The temperature � eld is axisymmetric, and the maximum tempera-
ture is foundat the fayingsurface.Conductionthroughtheelectrodes
reduces the temperature near the E/W contact surface. As the value
of E/W contact conductance increases, the volume of the molten
pool decreases.High E/W contact conductancepermits greater heat
transfer through the electrodes and the heat-affected zone (HAZ)
reduces gradually with increases in E/W contact conductance.
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Fig. 7 Variation of weld pool shape with time in the horizontal plane
along the faying surface for test case C.

Fig. 8 Effects of E/W contact conductance on transient nugget thick-
ness.

Four different currents (with maximum amplitudes of 45, 47, 49,
and 51 kA) were used to study the effect of current on RSW with
test cases A, D, E, and F. The base variables of case A, as described
in Table 1, were used for the comparisons of current. Figures 11
and 12 show the effects of current on weld nugget thickness and di-
ameter. Heat generation in the workpiecesand electrodesrises with
increases in current because the heat produced by joule heating is
proportionalto the square of the welding current.Melting initiation
time varies as a function of current as well. Melting begins between
cycles2.75and3 for the 51-kAcurrent,caseF. For 49 kA, case E, the
melting begins between cycles 3 and 3.25, whereas it is boundedby
cycles3.5 and 3.75 for 47 kA, case D. Solidi� cation begins after the
weld pool thickness reaches a maximum value at cycle 4. Weld pool
solidi� cation for the 47-, 49-, and 51-kA currents ends between cy-
cles 4.75 and 5.0, 5.0 and 5.25, and 5.25 and 5.5, respectively.The
maximum weld pool thickness are 1.33, 1.04, and 0.78 mm for
the 51-, 49-, and 47-kA currents, respectively. The time for which
the weld pool remains molten increaseswith the increaseof current.
As the current increases, the volume of the weld pool, as well as the
HAZ at cycle 4, increases, although the increment is nonlinear.

Figure 13 shows the vertical plane velocity � eld developmentfor
case F (51-kA current) during RSW of aluminum. It is observed that
the vertical � eld velocitiesare almost one order of magnitude larger
than those of the horizontal � eld velocities. Prominent convection
cells that govern the molten pool dynamics during RSW appear in

Fig. 9 Effects of E/W contact conductance on transient nugget dia-
meter.

Fig. 10 Workpiece temperature � eld sectioned to present internal tem-
peratures at cycle 4 for test case B.

Fig. 11 Effects of current on transient nugget thickness.

Fig. 12 Effect of current on transient nugget diameter.
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Fig. 13 Velocity � eld development with time in the central vertical
plane for test case F.

Fig. 14 Effect of current on velocity � elds in the central vertical plane
(cycle 4) for test cases E and F.

Fig. 15 Effects of faying surface contact resistance on nugget shape in
the central vertical plane for test cases A, G, and H.

Fig. 16 Effects of faying surface contact resistance on nugget shape in
the horizontal plane along the faying surface for test cases A, G, and H.

the vertical plane. At cycle 3.5, the velocity � eld has just begun to
grow; the velocities are small, and distinguishableconvection cells
are not found.The molten poolcontinuesto growuntil cycle4, when
two prominent convectioncells are establishedin the vertical plane.
Molten metal moves upward along the centerline axis of the molten
poolbefore� owingradiallyoutwardand� nallydownwardalong the
walls of the weld pool, driven by buoyancy forces. The maximum
velocities encountered at cycle 4 are close to 0.008 mm/s. The con-
vectioncellsbeginto disappearas solidi� cationstarts.The velocities
are very small and, thus, have little effect on the nugget geometry.

Figure 14 shows the effect of variation of welding current on the
vertical plane velocity � elds at cycle 4. The molten pool does not
have suf� cient time to generate a velocity � eld or convection cell
for the 47-kA current, case D (not shown). For 49 kA, case E, the
convection cells are barely visible. The velocities and convection
cells become dominant with an increase in current. A 51-kA cur-
rent, case F, shows two convection cells and maximum velocity of
0.008 mm/s. Similar effects are found for the variation of current in
the horizontal plane velocity � elds. The molten pool size increases
with current, leadingto the largervelocity� eld. The velocitiesfound
in the horizontalplanesare an orderof magnitudesmaller than those
encountered in the vertical plane.

Faying surface–electrical contact resistance (FCR) is important
for nugget initiation. For the current RSW model, FCR is a func-
tion of the static contact resistance [Eq. (10)]. This static contact
resistance was varied in cases G and H to study the effect of FCR
in RSW. Figure 15 shows the effect of FCR on nugget geometry
in the vertical plane. For a 350-l X FCR (case G), a tiny nugget of
0.16 mm thickness is formed. It is interesting to observe that the
nugget thickness for the 450- and 550-l X FCR, cases A and H,
is around 0.43 mm, although they exhibit different shapes. Higher
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FCR values lead to larger nugget sizes. Figure 16 shows the effect
of FCR on nugget shape and diameter in the horizontalplane, along
the faying surface. Nugget diameters for 550-, 450-, and 350-l X
fayingsurfacecontact resistances(casesG, A, and H)are 1.16, 2.25,
and 2.55 mm, respectively.As expected with the variation of FCR,
interface heat generation also varies, leading to differing nugget
sizes. The temperature � elds resulting from the variation of FCR
are nearly indistinguishable, illustrating that this parameter has a
lesser effect on RSW than the others considered.

Conclusions
RSW in pure aluminum with realistic three-dimensional bound-

ary conditions and molten pool convection was successfullymode-
led. The predicted numerical results were successfully compared
with experimental � ndings. Electrode wear, occurring in industrial
applications of RSW, leads to asymmetric contact with the work-
pieces that can be captured by the developed model.

The length of time that the weld pool exists is directly propor-
tional to current and indirectly proportional to E/W thermal contact
conductance. Nugget size increases nonlinearly with the increase
in current and faying surface electrical contact resistance, but de-
creases with the increase of E/W thermal contact conductance.The
in� uenceof the FCR onnuggetsize is less pronouncedthan the other
parameters studied. The maximum weld pool is found to be of the
orderof 0.01 mm/s in this study.The vertical plane velocityis found
to be an order of magnitude higher than that of the horizontal plane
within the molten pool. The size of the three-dimensionalelliptical
HAZ at the workpiece center is inversely proportional to the E/W
thermal contact conductance,whereas it is directly proportional to
the welding current and faying surface contact resistance.

The proposed model can be used to develop optimum welding
schedules for varying conditions.The transient temperature history
obtained from the present study could be effectivelyused to predict
microstructure within the nugget and the HAZ.

Acknowledgments
Acknowledgments are due to the National Science Foundation

and the South Carolina Experimental Program to Stimulate Com-
petetive Research for � nancial support and to NASA Langley Re-
searchCenter,Hampton,Virginia, for the experimentalfacilitiesand
assistance provided for this research.

References
1Viskanta, R., “Natural Convection in Melting and Solidi� cation,” Natu-

ral Convection: Fundamentals and Applications, Hemisphere, Washington,
DC, 1985, pp. 845–877.

2Viskanta, R., “Heat Transfer During Melting and Solidi� cation of Met-
als,” Journal of Heat Transfer, Vol. 110, No. 4, 1988, pp. 1205–1219.

3Viskanta, R., “Phase Change Heat Transfer in Porous Media,” Proceed-
ings of the Third International Symposium on Cold Region Heat Transfer,
edited by J. P. Zarling and S. L. Faussett, Univ. of Alaska, Fairbanks, AK,
1991, pp. 1–24.

4Yao, L. S., and Prusa, J., “Melting and Freezing,” Advances in Heat
Transfer, Vol. 19, 1989, pp. 1–95.

5Fukusako,S., and Yamada, M., “Recent Advances in Research on Melt-
ing Heat Transfer Problems,” Heat Transfer, 1991, pp. 313–330.

6Brent, A. D., Voller, V. R., and Reid, K. J., “Enthalpy Porosity Tech-
nique for Modeling Convection–Diffusion Phase Change: Application to
the Melting of Pure Metal,” Numerical Heat Transfer, Vol. 13, No. 3, 1988,
pp. 297–318.

7Gau, C., and Viskanta, R., “Melting and Solidi� cation of a Pure Metal on
a Vertical Wall,” Journal of Heat Transfer, Vol. 108, No. 1, 1986, pp. 174–

181.
8Gould, J. E., “An Examination of Nugget Development During Spot

Welding, Using Both Experimental and Analytical Techniques,” Welding
Journal, Vol. 66, No. 1, 1987, pp. 1-s–10-s.

9Nied, H. A., “The FiniteElement Modelingof the Resistance SpotWeld-
ing Process,” Welding Journal, Vol. 63, No. 4, 1984, pp. 123-s–132-s.

10Tsai, C. L., Jammal, O. A., Papritan, J. C., and Dickinson,D. W., “Mod-
eling of Resistance Spot Weld Nugget Growth,” Welding Journal, Vol. 71,
1992, pp. 47-s–54-s.

11Browne, D. J., Chandler, H. W., Evans, J. T., and Wen, J., “Computer
Simulation of Resistance Spot Welding in Aluminum: Part I,” Welding Jour-
nal, Vol. 74, No. 10, 1995, pp. 339-s–344-s.

12Wei, P. S., and Ho, C. Y., “Axisymmetric Nugget Growth During Re-
sistance Spot Welding,” Journal of Heat Transfer, Vol. 112, No. 2, 1990,
pp. 309–316.

13Wei, P. S., and Yeh, F. B., “Factors Affecting Nugget Growth with
Mushy Zone Phase Change During Resistance Spot Welding,” Journal of
Heat Transfer, Vol. 113, No. 3, 1991, pp. 643–649.

14Wei, P. S., Wang, S. C., and Lin, M. S., “Transport Phenomena During
Resistance Spot Welding,” Journal of Heat Transfer, Vol. 118, No. 3, 1996,
pp. 762–773.

15Tsai, C. L., “Advances in the Resistance Welding of Automotive Alu-
minum,” Journal of the Minerals, Metals and Materials Society, Vol. 49,
No. 5, 1997, pp. 28–30.

16Xu, L., and Khan, J. A., “The Finite Element Modeling of Axisymmet-
ric Nugget Development During Resistance Spot Welding,” Proceedings of
the 5th International Conference on Trends in Welding Research, edited by
J. M. Vitek, S. A. David, J. A. Johnson, H. B. Smartt, and T. S. DebRoy,
ASM International, Materials Park, OH, 1998, pp. 616–621.

17James, P. S., “Electrical Contact Resistance: Observations Relevant to
the Spot Welding of Aluminum Alloys,” Ph.D. Dissertation, Mechanical
Engineering,Univ. ofNewcastle upon Tyne, Newcastle upon Tyne, England,
U.K., 1995.

18Vogler, M., and Sheppard, S., “Electrical Contact Resistance Under
High Loads and Elevated Temperatures,” Welding Journal, Vol. 72, No. 6,
1993, pp. 231-s–239-s.

19Patankar, S. V., Numerical Heat Transfer and Fluid Flow, Hemisphere,
Washington, DC, 1980.

20Kline, S. J., and McClintock, F. A., “Describing Uncertainties in Sin-
gle Sample Experiments,” Mechanical Engineering, Vol. 75, No. 1, 1953,
pp. 385–387.

21Peterson, G. P., and Fletcher, L. S., “Measurement of the Thermal Con-
tact Conductance and Thermal Conductivity of Anodized Aluminum Coat-
ings,” Journal of Heat Transfer, Vol. 112, No. 3, 1990, pp. 579–585.

22Lambert, M. A., Marotta, E. E., and Fletcher, L. S., “The Thermal
Contact Conductance of Hard and Soft Coat Anodized Aluminum,” Journal
of Heat Transfer, Vol. 117, No. 2, 1995, pp. 270–275.

23Fletcher, L. S., “Recent Developments in Contact Conductance Heat
Transfer,” Journal of Heat Transfer, Vol. 110, No. 4, 1988, pp. 1059–1070.

24Madhusudana, C. V., and Fletcher, L. S., “Contact Heat Transfer—The
Last Decade,” AIAA Journal, Vol. 24, No. 3, 1985, pp. 510–523.


