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Factors Affecting Nugget Growth 
With Mushy-Zone Phase Change 
During Resistance Spot Welding 
An unsteady, axisymmetric model is first proposed to investigate extensively effects 
of the physical, thermal, and metallurgical properties and welding conditions on 
nugget growths with mushy-zone phase change during resistance spot welding. The 
electromagnetic force, joule heat and interfacial heat generation, and cooling effects 
of electrodes are taken into account. Fluid patterns, temperature fields, and solute 
distributions in the liquid, solid, and mushy zones are determined. Results show 
that the computed nugget growths and temperature fields are consistent with ex
perimental data. Variations of properties strongly affect the nugget growth. The 
maximum velocity in the weld nugget is found to be small and around 5 mm/s. 

Introduction 
Resistance spot welding has been widely used in joining 

workpieces. The materials to be joined are brought together 
under pressure by a pair of electrodes (see Fig. 1). A high 
electric current (usually greater than 8000 amp) passes through 
the workpieces between the electrodes and melts the weldments. 
Workpieces are thus joined as solidification of the weld pool 
occurs. Resistance spot welding is, therefore, a complicated 
process involving interactions of electrical, thermal, and 
metallurgical phenomena. 

Heat transfer analysis is essentially required to investigate 
resistance spot welding. Nied (1984) proposed a highly flexible 
unsteady heat-conduction model and used the ANSYS finite-
element computer code to determine temperature changes. The 
available numerical results were then applied to calculate de
formation of electrodes and workpieces. Gould (1987) utilized 
a metallographic technique to measure weld nugget growths 
and developed a one-dimensional thermal model for compar
ison. Due to the breakdown of oxide layers and other insulating 
contaminants at the faying surfaces (Dickinson et al., 1980), 
electric contact resistance was assumed to be a linearly de
creasing function of temperature. It was found that the pre
dicted results exhibited a correct trend for the nugget 
development. 

Wei and Ho (1990) modified the model of Gould (1987) to 
evaluate interfacial heat generation and joule heat. By ac
counting for effects of phase change, computed results showed 
surprisingly good agreement of the nugget thickness, nugget 
growth, and shape of the fusion zone with experimental data. 
Although the predicted nugget growths and temperatures have 
been achieved satisfactorily (Nied, 1984; Cho and Cho, 1989; 
Han et al., 1989; Wei and Ho, 1990), it is believed that the 
successes may be due to compensating effects of many un
known parameters, as can be seen later. 

Recently, Alcini (1990) measured temperatures in the weld 
nugget by using headless microthermocouples. Temperatures 
in the liquid nugget zone were found to be very uniform. Hence, 
it was concluded that strong convection occurred within the 
liquid nugget and the proposed swirling pattern was believed 
to be caused by a magnetic force. The importance of convec
tion, however, appears to be questionable due to axisymmetry 
in shapes and forces for a resistance spot welding. For the sake 
of clarification, convection will be considered in this study. 
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Workpieces usually contain alloying elements. Melting or 
solidification of multiconstituent systems, unlike that of pure 
substances, is characterized by the existence of a multiphase 
or mushy region that separates the pure solid and liquid re
gions. Properties of the mushy zone control the microstructure 
and strength of workpieces. Savage et al. (1965) observed the 
microstructure and determined the conditions for occurrence 
of the mushy zone in resistance spot welding. A general un
derstanding of the growth of the mushy zone as a function of 
the thermal, physical, and metallurgical properties and welding 
conditions, which are grouped by dimensionless parameters, 
however, has not been presented. Which factors they are and 
how these factors affect resistance spot welding will be inves
tigated in this study. 

In the present work, a continuum model, developed by Ben-
non and Incropera (1987), is used to predict the weld nugget 
growth by accounting for momentum, heat, and species trans
ports in a binary solid-liquid phase-change system. A clearer 
understanding on resistance spot welding will be provided. 

System Model and Analysis 
Resistance spot welding is shown schematically in Fig. 1, as 

described previously. In this study, a cylindrical coordinate 
system is adopted to determine unsteady, axisymmetric mo
mentum, energy, and species transport between solid, liquid 
and mushy zones. The major assumptions made are the fol
lowing: 

1 A uniform and axial electric current density is assumed 
for simplicity. Joule heat in the mushy zone is evaluated by 
using a mass-averaged electrical conductivity. Interfacial heat 
generation is, in fact, strongly affected by the pressure exerted 
by the electrodes and the surface condition of the workpieces. 
These factors, unfortunately, are very uncertain. A simple way 
to account for these_ factors is to introduce an effective heat 
transfer coefficient he at the contact surface between the elec
trode and the workpiece. Cooling effects and interfacial heat 
generation resulting from the workpiece-electrode contact thus 
can be determined. On the other hand, heat generation at the 
faying surface can be considered as a volumetric heat source 
with a small effective thickness ef (Wei and Ho, 1990). By 
increasing electrode pressure the effective thickness is de
creased and interfacial heat becomes more concentrated. The 
contact resistance at ambient temperature, R0, however, is 
reduced. Contact resistance also varies with temperature. In 
this study, contact resistance is assumed to decrease linearly 
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Fig. 1 Resistance spot welding process and coordinate system 

with temperature to a first approximation, as suggested by 
Gould (1987) and Wei and Ho (1990). 

2 Convection is considered. Darcy's law, which suggests that 
phase interaction forces are proportional to the liquid velocity 
relative to the velocity of the porous solid, is assumed to be 
applicable for modeling laminar momentum and energy trans
fers in the mushy zone (Ridder et al., 1981). 

3 The workpieces are binary alloys. The solid and liquid in 
the mushy zone are assumed to be in a local thermal and phase 
equilibrium to a first approximation. The local equilibrium, 
however, does not preclude the existence of nonequilibrium 
conditions on a macroscopic scale (Bennon and Incropera, 
1987). The solute diffusion in solid is also neglected due to a 
small solute diffusivity coefficient. 

4 Properties of the liquid, solid, and mushy phases are as
sumed to be homogeneous and isotropic. Thermophysical 
properties are constant but different between phases. 

Governing Equations. With the above assumptions, the con
tinuity and momentum equations (Bennon and Incropera, 1987) 
become, respectively, 

dpu„ 
dt 

yt+V'(PYm) = 0 

+ V(pVm«B 1)=PrVOoVM I B) 

(1) 

p(\-g,Y dp 
Dag/ dz 

+ Pr2Gr[0o(r- Trt) + ^ o ( / 7 - / ? , r = 7 s o l ) ] (2) 

N o m e n c l a t u r e 

B = dimensionless parameter 
defined in equation (4) 

B = magnetic flux vector, 
We/m2 

Bia, Bie = Biot number; Bia = hare/ 
ks, Bic = here/ks 

c, C = specific heat and specific 
heat ratio; C = c/c, 

D = solute diffusivity, m /s 
Da = Darcy number, defined in 

equation (4) 
E = dimensionless electric con

tact resistance parameter 
defined in equation (10) 

F, Fr = force vector and compo
nent in r direction, N/m3 

/ = mass fraction of liquid or 
solid 

F0 = dimensionless parameter 
defined in equation (4) 

/ " = normalized solute mass 
fraction = fa/fa

m,0 

fa = solute mass fraction 
fm.o = initial solute content 

g = volume fraction (= / f o r 
equal density between 
phases), or gravitational 
acceleration 

Gr = Grashof number defined in 
equation (4) 

h = enthalpy = h/hf 
ha, he = heat transfer coefficient, 

W/m2-K 
hf = fusion latent heat at eutec-

tic point, J/kg 

/ = welding current, amp 
j = electric current density, 

amp/m2 

k, K = thermal conductivity and 
mixture thermal conductiv
ity; K = g, + gsKh 

KD = permeability, m2 

Kh = thermal conductivity ratio 
= ks/ki 

kp = equilibrium partition coef
ficient 

KQ = permeability constant, m2 

I, L — double workpiece thick
ness; L = l/re 

La = dimensionless joule heat, 
defined in equation (4) 

m = liquidus and solidus line 
slope parameter 

p = pressure = prl/ppi} 
Pr = Prandtl number 

r = radial coordinate = r/re 

R = csT0/hf 

re = electrode radius, m 
Rf, R0 = electrical contact resistance 

at any temperature and 
ambient temperature; Rf = 

Rf/Ro 
Sc = Schmidt number 

t = time = fa/r2. 
T, Te = temperature and eutectic 

temperature; T = f/f0 

Tm, T0 = melting and initial tempera
ture 

u = radial velocity = ure/at 

v = axial velocity = vre/a/ 

V = velocity vector 
z = axial coordinate = z/re 

a — thermal diffusivity, m2/s 
@s, $T = solutal and thermal expan

sion coefficient 
5iiq, 5soi = dimensionless thickness of 

region surrounded by liq
uids and solidus line at 
r = 0 

ef = effective thickness of heat 
source at faying surfaces, 
m 

d0 = dimensionless parameter 
defined in equation (4) 

Ho, Hr = free and relative magnetic 
permeability, N/amp2 

v = kinematic viscosity, m2/s 
p = density = p/pi 
a = electrical conductivity = 

o/os = gs + gfli/os 
E = dimensionless parameter 

defined in equation (10) 

Superscripts 
a = solute 

= dimensional quantity 

Subscripts 
/ = liquid 

liq = liquidus 
m = mixture 
s = solid 

sol = solidus 
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dpvn 

dt 
+ V'(pVmvm)=PrV(pWm) 

-Pr 
P(l-g,f 

(v,„-vs)-
dp 

La 
Dag] """ "' dr ~"2TT' 

where the dimensionless parameters are defined as 

(3) 

Pr = - , Da = ~2, Gr = -2 , 60 = ̂  ¥, 
a. 

„ Ps(fl,e~fm,o) J, fmfl 
o= „ .JS. ST" , rn = 

@T( Tsol - Te) f"e-/m,o 
La ' ~ 2 

Pfitl 
(4) 

The second terms on the right-hand side of equations (2) and 
(3) are related to interactions between phases in the porous 
mushy zone. The isotropic permeability, according to the Koz-
eny-Carman equation, is 

K Ko8' (5) 

Equation (5) is generally considered valid in the laminar flow 
regime and applicable in this case as can be seen later. The 
last terms in equations (2) and (3) represent the buoyancy force 
resulting from the temperature and composition differences 
and electromagnetic force, respectively. The electromagnetic 
force can be found to be (Shercliff, 1965) 

F = j x B (6) 

where the magnetic flux B can be calculated from Ampere's 
law 

B 
v x — = j (7) 

By substituting equation (7) into equation (6), the electro
magnetic force becomes 

Fr=-
PoM2r 

(8) 

In view of phase change in the mushy zone, the enthalpy 
formation for the energy equation can be conveniently used 
(Bennon and Incropera, 1987) 

dph„ 
dt 

l+V-(p\mhm)=Cv>(,KVhm) + Cv.[Kv(hs-hm)] 

V-b.(A/-AJ(V, 
LaERf LaY. 

-V,)]+ / + — r (9) 
•w air 

where 

and 

S = a, 

r^h/ffsHoHr 
(10) 

hs = RT; h, = RCT+R(\-C)Te+\ (11) 

The first two terms on the right-hand side of equation (9) 
represent the net Fourier diffusion flux; the third term is the 
energy flux associated with relative phase motion. The fourth 
term suggested by Wei and Ho (1990) is related to heat gen
eration at the faying surface. As mentioned previously, the 
dimensionless electrical contact resistance at the faying surface 
can be expressed by 

Equation (12) indicates that contact resistance is a linearly 
decreasing function of temperature and it vanishes when the 
full-liquid weld pool occurs. The last term in equation (9) is 
joule heating occurring in the bulk workpieces. 

The conservation requirement for species a is 

Journal of Heat Transfer 

~f+ v.(Pv,„/«)=^ v.(p/,v/«) 
at Sc 

+ f̂  V.[p/,V </?-/«)] 

- V « | p ( / 7 - / S i ) ( V m - V , ) ] (13) 

where the Schmidt number Sc = vy/D"' 

Boundary and Initial Conditions. The top workpiece surface 
is assumed to remain solid during the welding process 

um=vm = 0, fa
m=\ z = L, 0<r<<» 

The heat loss to the top electrode is 

ohn 

bz 
•Bie(hm-R) 0 < r < l 

(14) 

(15) 

and heat transfer loss to the surroundings is 

!</-<oo -d^Bia(hm-R) 
az 

(16) 

Similarly, boundary conditions for the bottom workpiece are 

um = vm = 0, fm=\ z = 0, 0 < r < o o (17) 

~=me(hm-R) ()</•<i 
az 

^ = ma(hm-R) l<r<co 
dz 

(18) 

(19) 

The axisymmetric boundary conditions at r = 0 are 

^ = 3 = 4 ^ = 0 ,= 0, 0*X*L (20) 
dr dr dr dr 

The initial temperature and temperatures of workpieces far 
from the weld nugget remain at the surrounding temperature 

um=vm = 0, fa
m=l, hm = R r - « , 0 < z < L (21) 

Temperature/Enthalpy Relationships. Temperature can be 
determined provided that enthalpy is known. As illustrated in 
Fig. 2, the liquidus and solidus curves can be approximated 
as straight lines. Temperature versus enthalpy relationships 
found by Bennon and Incropera (1988) are: 

1 For an enthalpy hm < hsoi, temperature and solid frac
tions can be obtained to be 

T= — f = 1 
R' Js l (22) 

1 A 

Liquidus 

Solidus 

Mushy '*/yA7>>>^ ^ 
Region '^>V0a//>y?>>>^ ^ ^ 

! B! 

£ & if 

ft 
« 

Fig. 2 Phase diagram for a binary system 
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where R = csT0/hf and hsoi = RTsoi. 
2 For enthalpy hsol < hm < he, 

T— Tso\, fs = 1 — (/im — /!soi) 

where 
1 / Tsol ~ 7|jq 

/!e = /!sol + 1 -
/> V sol ^ m 

(23) 

(24) 

3 For enthalpy he < hm < hliq, temperature and solid 
fractions become 

T2 + yiT+y2 = 0, f„-
T-T, Kg 

l-kp \T~Tn 

where 

and 

7i = 

/!lia=^crlig+/?(i-c)re+i 

(25) 

(26) 

1 

72 = 

\-cka 

l 

\-ckB 

(C-l)TUq-kp d-C)Te + 

•CTm(l-kp)--
l-k„ 

R 

( i - C ) r , + - <liq 

-{i-kp)Tn. (\-C)Te + -
1 

4 For enthalpy hm > h liq> 

r = I ___ (i-c>r,+ , /,=o 

(27) 

(28) 

(29) 

Supplementary Relationships. By assuming an equilibrium 
state in the mushy zone, the fraction of the solute a in the 
solid and liquid can be found to be (Bennon and Incropera, 
1987) 

kpj m 

n 
/?= 

J m 

(30) 

(31) 
l + / , ( * p - l ) 

where the equilibrium partition coefficient kp represents the 
ratio of solute contents in the solid and liquid at the same 
temperature. That is 

ft k - — 
JI 

(32) 

The mean solute concentration/„ appearing in equations (30) 
and (31) at any location then can be found from equation (13). 

Solution Methodology. Each of conservation equations (1)-
(3), (9), and (13) can be cast in the form 

Table 1 Values of dimensionless parameters 
_ _ _ _ _ 
0.72 
1.4 
1 .4X10" 5 

5 . 6 X 1 0 " 7 

Biot number, Bi„ 
Biot number, Bi„ 
Liquid specific heat parameter, C 
Darcy number, Da 
Electrical contact resistance parameter, E 
Solid-to-liquid thermal conductivity 

ratio, Kh 
Dimensionless workpiece thickness, L 
Welding current parameter, La 
Slope parameter of liquidus line, mliq 
Slope parameter of solidus line, msoi 
Prandtl number, Pr 
Solid specific heat parameter, R 
Schmidt number, Sc 
Dimensionless eutectic temperature, Te 
Dimensionless melting temperature, Tm 
Thermal-to-electrical property parameter, E 
Electrical conductivity ratio, a 

1.0 
0.5 
1.1X10" 
4.0 
3.0 
0.1 
0.9 
140 
5.0 
6.0 
2.0X10"9 

1.0 

dt 
+ v(pvm<t>)= v-(r0v0)+50 (33) 

where a general dependent variable <j> denotes 1, «,„, v„„ hm, 
and/m, respectively, and T̂ , and S^ are the diffusion coefficient 
and source term, respectively. A control-volume, staggered 
grid, implicit finite-difference scheme (Patankar, 1980) was 
used to solve the governing equations. In this work, a successive 
underrelaxation method was adopted with a relaxation factor 
of 0.5 for momentum and species, and 0.8 for pressure and 
temperature fields. Results were obtained by using a 42 x 53 
grid in the radial and axial directions, respectively. A uniform 
grid spacing in the axial direction and spacing ratio of adjacent 
grids of 1.17 in the radial direction were chosen. A dimen
sionless uniform time step was chosen to be 3.5 x 10~3. A 
Cyber 840A computer required around 9800 seconds, CPU 
time, to complete computation for 71 time steps. 

The convergence criterion was met by relative errors of di
mensionless velocity components less than 1 x 10~2, enthalpy 
and concentration less than 1 x 10"3. The number of iterations 
for dimensionless results each time is around 70. In order to 
compare with experimental data, 150 iterations were used. The 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

La = 1.2E+11 

La = 1.1E+11 

La = 1.0E+11 

0 0 .05 0.1 0.15 0.2 0 .25 

t 
Fig. 3 Growths of the solidus and liquidus lines for different values of 
dimensionless welding current parameter 
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Fig. 4 Growths of the solidus and liquidus lines for different dimen
sionless electric contact resistances 
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global energy balance indicating that heat generations are bal
anced with the total internal energy rise and heat convected to 
the electrodes and surroundings is also required to assure con
vergence 

As presented in Fig. 4, increasing electric contact resistance 
causes an early formation for both the solidus and liquidus 
lines, a decrease in the thickness of the mushy zone. Thickness 
of the weld nugget is also increased at a longer welding time. 

[ I2(-^r + ̂ 2i\dv-\ pcd-^dVl-2he \ (f,= l-f0)dAe-2ha\ (Tt^-f0)dAa J„ \Trreef w r , / J,, dt iAe iAa 

t 2 */ Rf 1 
li\ J +—— 

\wrier OK r. V 

< 1(T 

dv 

where v is the volume where welding current passes between 
electrodes, v, denotes the volume of the heat-affected zone, Ae 

and Aa represent areas where energies dissipated to the elec
trode and surroundings, respectively. 

Results and Discussion 
In this study, resistance spot welding is found to be deter

mined primarily by the welding current parameter 72/t0;u.,./7W, 
dimensionless electric contact resistance R0a//tfh/firno, work-
piece thickness l/re, Biot numbers h<fe/ks, solid-to-liquid ther
mal conductivity ratio ks/kh liquid specific heat C]/cs, solid 
specific heat parameter csT0/h/, and the parameters mso\ and 
/?7liq that are related to the slopes of the solidus and liquidus 
lines in the phase diagram, respectively. Values of them are 
chosen between pure iron and manganese to simulate a realistic 
resistance spot welding (Table 1). 

The effect of the welding current parameter, which is related 
to heat generation, on the nugget growth is shown in Fig. 3. 
The vertical axis represents thicknesses 5S0, and 5nq of the re
gions surrounded by the solidus and liquidus lines on the ax-
isymmetric axis, respectively. For a welding current parameter 
La = 1.2 x 10" the weld nugget or the solidus line is initiated 
at a dimensionless welding time of 0.0665. Thereafter, a mushy 
zone, that is, a mixture of solid and liquid, occurs and grows. 
After a welding time of 0.1575, the liquidus line appears and 
the weld nugget is then composed of the mushy and full-liquid 
regions. The thickness of the mushy zone, (5soi - 5ijq)/2, be
comes narrower as the welding time and welding current in
crease. This is because more energy is transferred to melt the 
solid. A slight increase in welding current gives rise to earlier 
onset, higher growth rate for both the liquid and solidus lines, 
and larger thicknesses of the weld nugget and full-liquid region. 

0.8 

0.7 

0.6 

g °'5 

o 0.4 
o 
CO 

0.3 

0.2 

0.1 

0 
0 0.05 0.2 0.25 0.1 0.15 

t 
Fig. 5 Growths of the solidus and liquidus lines for different dimen
sionless workpiece thicknesses 

The ratio of the workpiece thickness to electrode radius exhibits 
significant variations on the nugget growth and thickness, as 
shown in Fig. 5. Initiation times, growth rates, and movements 
of the solidus and liquidus lines decrease with decreasing work-
piece thickness. The explanation is that the mass of a thin plate 
is small. Therefore, it is comparatively easy to raise temper
atures in the workpieces and enhance the heat transfer rates 
to the electrodes (Wei and Ho, 1990). 

The electrodes provide a cooling effect during the squeezing 
and welding cycles. Therefore, onsets of the solidus and 
liquidus lines are delayed, and growth rates and nugget thick
nesses are reduced by increasing the Biot number, as can be 
seen from Fig. 6. Influence of the solid-to-liquid thermal con
ductivity ratio on the growth of the mushy zone is presented 
in Fig. 7. In view of an increase in heat transferred to melt 
the solid, increasing the liquid thermal conductivity results in 
an early formation and significant growth for both the solidus 
and liquidus lines. The full-liquid region does not appear in 
the case of the conductivity ratio above 1.25. 

In view of a decrease in the energy absorbed per unit tem
perature rise in the liquid region and an increase of energy for 
melting, a low specific heat of liquid causes an early and rapid 
growth for both the solidus and liquidus lines, as shown in 
Fig. 8. Similarly, an increase in specific heat of solid delays 
the growth and reduces growth rate for both the solidus and 
liquidus lines, as presented in Fig. 9. 

Characteristics of the phase diagram also have a significant 
influence on growths of the weld nugget and mushy zone, as 
shown in Fig. 10. The dimensionless parameter msa\ represents 
the ratio of the solute concentration at point A (see Fig. 2) to 
the initial solute content. The smaller the value of this dimen
sionless parameter, the steeper the solidus line is. It can be 
seen that decreasing the slope parameter results in an early 
growth for the solidus line and late formation of the liquidus 

0.5 

0.4 

g 0.3 
to 

°° 0.2 

0.1 

I I I ! I n f f l 

Fig. 6 Growths of the solidus and liquidus lines for different values of 
Biot number 
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Fig. 7 Growths of the solidus and liquidus lines for different solid-to-
liquid conductivity ratios 
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Fig. 10 Growths of the solidus and liquidus lines for different values 
of dimensionless slope parameter of the solidus line 
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Fig. 8 Growths of the solidus and liquidus lines for different dimen
sionless liquid specific heats 
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Fig. 9 Growths of the solidus and liquidus lines for different dimen
sionless solid specific heats 
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Fig. 11 Growths of the solidus and liquidus lines for different values 
of dimensionless slope parameter of the liquidus line 

line. This is attributed to a decrease of the solidus temperature, 
which results in a wide range of the mushy zone and an increase 
of energy required for phase change (see Fig. 2). In the case 
of the dimensionless slope parameter equal to 0.5, the initial 
solute content lies between points A and B (see Fig. 2). Since 
the solidus temperature that corresponds to the eutectic tem
perature is lowest, the solidus line develops sooner. 

The dimensionless parameter mjiq shown in Fig. 11 indicates 
the ratio of solute concentration at point B to the initial solute 
content. It can be seen that a steep liquidus line decreases the 
range of the mushy zone. As a result, initiation time for the 
liquidus line is reduced. The growth of the solidus line is found 
to be delayed slightly. 

Referring to previous figures, it is seen that the general trend 
of nugget growths agrees with available experimental results 
for welding AISI1008 (Gould, 1987). However, it is impossible 
to make an accurate comparison at the present time. The reason 
for this is that variations of properties have strong influence 
on the nugget growth, as can be seen in this study. Available 
data of properties such as the phase diagram with several 
components are also very limited. Since this study is a general 

648/Vol. 113, AUGUST 1991 Transactions of the ASME 

Downloaded 13 Sep 2008 to 130.194.10.86. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



t = 0.1785 t = 0.2485 1.20 

1.10 

1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

0.10 

1 1 
" t = 0.1785 

- i.Z 
- 3.4 

3.6 

-
-3 .6 

^^ii = 
~~~~~s ^ ^ ^ 

/ P / ^ 

<0- s^ 

I / / ' 

| I 

in 1 

.6
7 

- 
_ 

in 

J 
1 1 1 

1 1 
t = 0.2485-

~ 
— — 3.8 —— 

-
^"~~~~~—-4 —.—_ 

= : ^ ^ 4 . 8 ~^~^. 

\ V ^~^-

• A •" 

\ ' ' 
CD t | 

t 

1 1 

1 j 

1 | 

" 

-

0.00 0.10 0.20 0.30 0.40 0.50 

(a) 

0.00 0.10 0.20 0.30 0.40 0.50 

(b) 

Fig. 12 fa) The streamlines, and (b) isotherms at different welding times 

model that accounts for all the important factors previously 
indicated, the results will give a reliable and systematic insight 
into resistance spot welding. 

The streamlines at different welding times are plotted in Fig. 
12(a) to describe the flow pattern in the weld nugget. The 
dashed lines delineate the liquidus and solidus lines, respec
tively. It can be seen that the full-liquid region does not appear 
at a welding time of 0.1785. For a welding time of 0.2485 the 
weld nugget comprises the full-liquid and mushy regions. Mo
tion of liquid is found to increase from the mushy zone to the 
full-liquid region. Liquid flows clockwise in the mushy zone 
due to the solute buoyancy and becomes counterclockwise in 
the full-liquid region as a result of thermal buoyancy. This 
result was qualitatively observed by Cunningham and Begeman 
(1965). The maximum liquid velocity was found to be around 
5 mm/s, which is much smaller than the 20 cm/s and 5 m/s 
for the arc and high-energy beam weld pools, respectively, 
even though the welding current is typically 100 and 106 times 
as high. The explanation for this is that the electromagnetic 
force exerted on the fluid flow is nearly canceled due to axi-
symmetry of the resistance spot welding. Hence, fluid flow 
only causes a minor effect on the nugget growth and contradicts 
the proposition made by Alcini (1990). In the case of a radially 
distributed welding current density, it is noted that effects of 
the electromagnetic force are also small. This can be revealed 
by taking the curl of equation (6) and its value vanishes. 

The corresponding isotherms in the solid, mushy, and liquid 
regions are shown in Fig. 12(b). It is found that the uniformity 
of temperatures agrees with experimental findings conducted 
by Alcini (1990) although convection is very small. Isotherms 
of 5.67 and 5.75 indicate the solidus and liquidus lines, re
spectively. The maximum temperature is located at the weld 
centerline. A significant temperature gradient occurs near the 
edge of electrodes (r = 1) and is in accord with the prediction 
made by Bentley et al. (1963), Wei and Ho (1990), and meas
urements conducted by Alcini (1990). 

Since the fluid flow in the weld nugget is small, it is expected 
that influences of the Prandtl, Schmidt, and Darcy numbers 
on variations of the shape and growth of the mushy zone are 
insignificant and numerical computations confirm these. 

Conclusions 
1 Effects of the physical, thermal, and metallurgical 

properties and welding conditions on growths of the weld nug
get and mushy zone during resistance spot welding are exten
sively investigated. The dimensionless parameters studied 
include the welding current parameter, electric contact resist
ance, workpiece thickness, Biot number, solid-to-liquid ther
mal conductivity and specific heat ratios, slopes of the solidus 
and liquidus lines defined in the phase diagram. 

2 The solidus and liquidus lines, which define the weld 
nugget and mushy zone, are initiated earlier and grow more 
rapidly by increasing the welding current, electric contact re
sistance and reducing Biot number, solid-to-liquid thermal 
conductivity ratio, liquid and solid specific heat parameters. 
A steep solidus line results in an early onset of the solidus line 
and a late formation for the liquidus line. Increasing the slope 
of the liquidus line (i.e., small m\iq), however, causes the op
posite results. 

3 Convection in the weld nugget is very small. The max
imum velocity is generally less than 5 mm/s even though the 
welding current is higher than 8000 amp. 

4 Variations in the growth rate, nugget, and mushy zone 
thicknesses with thermal, physical, and metallurgical proper
ties and welding conditions are pronounced. It is impossible 
to make an appropriate model without accounting for these 
factors. 
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