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An Examination of Nugget Development 
during Spot Welding, Using Both 

Experimental and Analytical Techniques 

Nugget development during resistance spot welding has been 
studied both analytically, with a one-dimensional thermal 

model, and experimentally, using metallographic techniques 

BY J. E. GOULD 

ABSTRACT. Nugget development during 
spot welding has been studied using both 
experimental and analytical techniques. 
Experimentally, three gauges of an AISI 
1008 steel (nominally 0.5 mm, 1 mm, and 
1.5 mm/0.02, 0.04, and 0.06 in.) were 
studied. Current range curves, from no 
weld to expulsion, were generated for 
each of these steels at a variety of weld
ing times. Weld times ranged for 3-20 
weld cycles, the particular range of weld 
times used depending on the gauge of 
the steel. Sample welds made at each set 
of welding conditions (welding time and 
welding current) were sectioned and 
polished metallographicaliy. Weld thick
nesses were then measured and com
pared with the analytical results also 
generated in this work. Analytically, a 
numerical thermal model for the spot 
welding process was developed. The 
model is a one-dimensional finite differ-
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ence formulation which takes into 
account all the following: melting, temper
ature-dependent thermal properties, 
electrode geometry, contact resistances, 
and effective heat transfer in the liquid. 
This model was used to predict nugget 
thicknesses as a function of welding con
ditions. A comparison of the experimental 
and analytical results showed them to be 
qualitatively consistent. Nugget growth as 
a function of welding variables (either 
welding time or welding current) could be 
characterized by four stages: incubation, 
rapid growth, steadily decreasing growth 
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rate (shoulder), and expulsion. Quantita
tively, however, there were significant 
deviations between the experimental and 
analytical results. In the heavier gauge 
steels, the model predicts nugget sizes 
significantly larger than those observed 
experimentally. In the light gauges, the 
model predicts nugget sizes significantly 
smaller than those observed experimen
tally. In the former case, the error is 
believed due to the model's inability to 
account for axial heat flow into the sheet. 
In the latter case, the error is attributed to 
inadequate data on the dependence of 
contact resistance on temperature. 

Introduction 

The purpose of most spot weld qualifi
cation procedures (Refs. 1, 2) is to insure 
that, for a given steel, a weld nugget of 
adequate size can be achieved. Tradition
ally, nugget sizes have been estimated 
from various destructive tests, such as 
peel testing or chisel testing. More 
recently, ultrasonics (Ref. 3) and dynamic 
resistivity profiles (Refs. 4-6) have been 
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Table 1—Chemical Analysis of AISI 1008 Steel 

C Mn P S 

0.08 0.32 0.009 0.018 

Si 

0.024 

Al 

0.046 

N 

0.007 

Fe 

bal. 

Table 3—Welding Conditions Used in this Study 

Table 2—As-Welded Thicknesses of Steel 
Used in this Study 

Aim 0.51 mm 1.02 mm 1.52 mm 
thickness 

Actual 0.51 mm 1.09 mm 1.52 mm 
thickness 

Welding Conditions 

Electrode diameter 
Electrode taper 
Welding force 
Welding time (range) 
Welding current (range) 

0.51 mm 

4.8 mm 
45 deg 
1690 nt 
3-15 eye 
6-11 KA 

Sheet Thickness 

1.09 mm 

6.1 mm 
45 deg 
3020 nt 
6-15 eye 
8-13 KA 

1.52 mm 

7.6 mm 
30 deg 
4670 nt 
6-20 eye 

10-20 KA 

used to estimate nugget sizes. Rarely, 
however, has the nugget size been 
directly and systematically correlated 
with the various welding variables. Ana
lytically, attempts have been made to 
understand the relationships between 
weld development and welding variables 
through various thermal models (Refs. 
7-14). These models are of varying 
degrees of sophistication, but have been 
of only limited use in understanding nug
get development because of two 
points: 

1. The models are process control ori
ented. As such, application of these mod
els to the various metallurgical changes 
occurring in the steel during welding has 
largely been ignored. 

2. Little experimental verification has 
been done to test these models. Little 
systematic work has been done to exper
imentally characterize the temperature 
cycles in these welds. As such, the results 
from such models have not been veri
fied. 

This work has been initiated to address 
some of these problems. Basically, weld 
nugget development was studied as a 
function of three variables: the welding 
current, the welding time, and the thick
ness of the sheets being welded. Nugget 
development was studied empirically 
using optical microscopy techniques. In 
addition, a one-dimensional heat transfer 
model describing the spot welding pro
cess was also developed. 

The model was formulated to include 
the effects of: melting, temperature-
dependent thermal and electrical proper
ties of steel, heat transfer in the liquid, 
and contact resistances. The model was 
correlated with the microstructural 
observations, and then used to under
stand the influence of various factors on 
nugget development. 

Background 

Some measure of how weld nuggets 
develop is implicit in most automotive 

companies' spot weld qualification pro
cedures (Refs. 1, 2). Generally, these 
qualification procedures specify measur
ing the size of the weld nugget as a 
function of one or more welding vari
ables. The independent variable(s) used 
varies from specification to specification. 
Ford uses current as the only variable, 
while Fisher Body uses both welding cur
rent and welding time. The method, 
however, by which the nugget size is 
measured is always the same: destructive 
peel testing. Peel testing, though simple, 
has two inherent drawbacks: 

1. The diameter rather than the thick
ness of the nugget is measured. Most of 
the heat flow during spot welding is 
normal to the sheet into the welding 
electrodes. As such, nugget development 
is controlled by the growth rate in this 
direction (thickening). Obviously, this 
penetration cannot be measured by peel 
testing. 

2. The true nugget diameter is often 
not actually measured. During peel test
ing, the weld rarely fails exactly at the 
edge of the nugget. Usually, the weld 
either fails in the heat-affected zone or 
through a portion of the nugget. As such, 
accurate nugget diameters are rarely 
measured from peel test specimens. 

More recently, dynamic resistivity pro
files have been used to study nugget 
development (Refs. 4-6). This technique, 
however, has generally been applied to 
spot welding feedback control systems 
rather than understanding how nuggets 
develop. In addition, the measured resis
tivity is a function of a number of material 
changes other than just the nugget thick
ness, and as such is difficult to interpret. 

Numerous authors have attempted to 
characterize the thermal cycles which 
occur during spot welding. The earliest 
works attempted to infer cooling rates 
from local hardness values (Ref. 15). 
Much work has also been done attempt
ing to predict spot weld thermal cycles 
using closed form analytical techniques 
(Refs. 7-9). In order to apply these tech

niques, however, assumptions must be 
made which vastly oversimplify the spot 
welding process. As such, these models 
have been used only for a general under
standing of the process. 

Several authors have attempted to 
model the spot welding process using 
numerical techniques (Refs. 10-14). 
Greenwood (Ref. 10) developed a three-
dimensional axisymmetric model which 
assumes: no contact resistances, constant 
material properties, and heat transfer into 
the electrode proportional to the tem
perature at the electrode-sheet inter
face. 

He later correlated this model metallo
graphicaliy by examining welds made on 
single pieces of steel (no faying surfaces). 
His results demonstrated the importance 
of the various contact resistances to nug
get development. Rice and Funk (Ref. 12) 
later developed a one-dimensional model 
for the spot welding of composite 
materials used in semiconductor fabrica
tion. Their model accounts for: tempera
ture-dependent material properties, joule 
heating, contact resistances, and thermal 
resistances at the contact surfaces. 

This model does not, however, include 
any provision for melting. Houchens, ef 
al. (Ref. 13), developed a similar one-
dimensional model. Their work consid
ered the effects of: melting, temperature-
dependent thermal and electrical proper
ties, and joule heating. However, the 
effects of the various contact resistances 
were not considered. 

A very elaborate model dealing with 
both the thermal and mechanical aspects 
of spot welding has been developed by 
Nied (Ref. 14). This is a finite element for
mulation, in which the predicted temper
ature changes are used to calculate any 
deformation of the electrodes or sheet. 
The resulting solution allows prediction of 
the mechanical response of the weld, as 
well as the thermal response. The model is 
a three-dimensional, axisymmetric formu
lation, accounting for the following: tem
perature-dependent thermal properties, 
melting, and joule heating. 

Again, the effects of the various con
tact resistances were not considered. 
Largely, however, the results from this 
analysis were applied toward under
standing deformation of the welding 
electrodes and sheet, and growth of the 
weld nugget was not considered. 
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Fig. 7 —Model geometry. A —Element configuration; B — Graphical description of the governing equation 

Experimental 

The material used in this study was an 
AISI 1008 steel, the exact composition 
given in Table 1. The material was origi
nally supplied by the Inland Steel Indiana 
Harbor Works as 2.5-mm (0.1-in.) hot-
rolled sheet. The material was then cold 
rolled to the required gauges, followed 
by a simulated batch anneal at 700°C 
(1292°F) for 10 h. The aim and final 
gauges of the steel are given in Table 2. 

Welding was done on a Sciaky press-
type 100-kVA single-phase resistance 
welding machine. The welding force and 
welding electrodes were selected as a 
function of gauge, based on the Ford 
welding specification 13-4 (Ref. 1). Addi
tional welding times were then chosen to 
cover a range significantly above and 
below the value specified by Ford. For 
each welding time, welds were made at 
increasing current levels ranging from no 
weld to expulsion. Exact welding condi
tions are given in Table 3. All welds were 
subsequently sectioned through the nug
get normal to the plane of the sheet, then 
mounted in bakelite for metallographic 
examination. Samples were mechanically 
polished and etched in a saturated solu
tion of picric acid in water. This etching 
solution proved very effective in reveal
ing the weld nugget solidification struc
ture. Samples were characterized with a 
Zeiss Ultrashot metallograph, and nugget 
measurements were made from the 
resulting micrographs. 

Modelling 

The thermal model developed in this 
work is a one-dimensional, finite differ
ence solution, mathematically similar to 
those developed by other workers (Refs. 
12, 13). The model was designed to 
account for all the following aspects of 
the spot welding process: electrode 

geometry (truncated cone), temperature-
dependent thermal and electrical proper
ties, joule heating, melting, effective heat 
transfer in the liquid, and contact resis
tances. 

The major innovations of this model 
have been in the treatment of effective 
heat transfer in the molten pool, and the 
inclusion of the various contact resis
tances. The major failing of the model has 
been its inherent inability to account for 
radial heat losses from the weld area to 
the surrounding sheet. 

The element configuration used in this 
model is shown in Fig. 1A. The elements 
are platelike, and their geometry can be 
completely described by: the element 
thickness, the "weld side" diameter, and 
the "chill side" diameter. Elements of 
different thicknesses are used for the 
steel sheet and copper electrode in 
accordance with their respective thermal 
diffusivities. As copper has a much larger 
thermal diffusivity than steel, larger ele
ments can be used (for a given time 
increment) without the model becoming 
unstable. The electrode elements used 
different diameters on the "weld side" 
and on the "chill side." This was done to 
account for different tapers on the trun
cated cone electrodes. The steel ele
ments had both "weld side" and "chill 
side" diameters equal to the electrode 
face diameter. 

A graphical description of the govern
ing equation used in this model is shown 
in Fig. 1B. Basically, an energy balance is 
done for each element in the configura
tion. Energy is introduced to the element 
in two ways: by internal (joule) heating, 
and by conduction. This, in turn, is bal
anced by accommodating the heat inter
nally (by an increase in temperature or 
melting) and by heat loss through con
duction 

Heat f low in the model is, as has 
already been stated, one-dimensional. 

Heat is assumed to be generated within 
the weld, and conducted out through the 
copper electrodes. Symmetry is assumed, 
so the computation is done on only half 
the weld configuration. The boundary 
conditions used in this computation are as 
follows: 

1. At zero time, the temperature is 
uniform at the cooling water temperature 
(assumed to be 25°C/77°F). 

2. The electrode temperature at a dis
tance of the electrode face diameter 
back from the electrode-sheet interface 
is assumed to remain constant at the 
cooling water temperature (25°C). 

3. It is assumed that no heat flow 
occurs across the faying surface (symme
try). 

The model also considers the tempera
ture dependence of the thermal proper
ties of steel. The actual material data used 
with this model is for AISI 1010 steel, and 
was supplied by the General Motors 
Technical Center (Ref. 16). 

The effects of melting, both in terms of 
the heat required to melt and heat trans
fer in the liquid, are considered. With 
respect to the heat of melting (fusion), 
the steel was assumed to behave as pure 
iron, melting or solidifying at exactly 
1527°C (2781 °F). The heat of fusion was 
assumed to be the same as that of pure 
iron. Heat transfer in the liquid was con
sidered by using an effective heat trans
fer coefficient. A value for the effective 
heat transfer coefficient of the molten 
pool was taken from the work of Kou 
(Ref. 17). Examining GTA welds on mild 
steel, he empirically evaluated this coeffi
cient as about seven times the room 
temperature thermal conductivity of the 
solid. 

This model also includes the effects of 
the various contact resistances. The elec
trode-sheet contact resistance was 
assumed to be invariant during the weld
ing operation and was given a value of 20 
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micro-ohms, based on the work of Sav
age, ef al. (Ref. 18). The faying surface 
resistance, however, is assumed to be a 
function of temperature. This is based on 
the work of Dickinson (Refs. 4, 5). In lieu 
of any data on this dependence, it is 
assumed that the faying surface contact 
resistance varies as a linear function of 
temperature. This dependence is detailed 
graphically in Fig. 2. The endpoints for this 
extrapolation are: 

1. The static contact resistance at 
room temperature. This quantity is easily 
measured experimentally. 

2. Zero resistance at the melting point. 
This is clearly true, as at the melting point 
the faying surface resistance disappears 
into the molten pool. 

Above the melting point, the total 
resistance of the weld is a function only 
of the electrode-sheet contact resis
tances, and the bulk resistivities of the 
liquid and solid. 

Results 

Micrographs showing weld nuggets as 
a function of each of the experimental 

I 1mm 

variables are shown in Figs. 3 to 5. The 
etching technique employed clearly 
reveals the nuggets. Figure 3 details nug
get development as a function of welding 
current for a 1.09-mm (0.04-in.) thick 
sheet, using a 15-cycle weld time. Quali
tatively, nugget development (as a func
tion of welding current) went through 
several stages. Initially, no nugget is 
observed (up to a current level of about 
8000 A). Between 8000 and 9000 A, 
nugget growth is extremely rapid. Finally, 
between 9000 A and expulsion (10,500 
A), the rate of nugget growth dramatical
ly decreases. 

Figure 4 details nugget development as 
a function of weld time for a 1.09-mm 
thick sheet using a current level of 10,000 
A. Nugget growth as a function of weld
ing time is qualitatively similar to nugget 
growth as a function of current. Initially, 
there is some incubation period. In this 
case, no nugget is observed up to 6 weld 
cycles. This is followed by a region of 
very rapid nugget growth, here from 
about 6 to 9 weld cycles. The rate of 
nugget growth is then observed to slow 
dramatically, often approaching a steady 

*i^>X8^ftift' \A 

| 1mm 

1mm 1mm 

Fig. 3 — Micrographs showing nugget development in a 1.09-mm sheet as a function of welding current. We/ding time: 15 cycles. A -8000 A; B — 9100 
A; C- 10,400 A; D- 11,000 A 

-"X X - , " - . w * A-&A -t-
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'.r.m i U 

| "I 1mm 

rf*t*%4%.' 

1mm | 
Fig. 4 — Micrographs showing nugget development in a 1.09-mm sheet as a function of welding time. Welding current: 10,000 A. A—6 weld cycles; 
B — 9 weld cycles; C— 12 weld cycles; D— 15 weld cycles 
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Fig. 5 — Weld nugget size as a function of gauge. A -
C-0.51-mm sheet, 9 weld cycles, 8100 A 

1.52-mm sheet, 14 weld cycles, 14,200 A; B- 1.09-mm sheet, 12 weld cycles, 10,900 A; 

state nugget size. Here, only small 
changes in nugget size were observed 
from 9 to 15 weld cycles, where 15 weld 
cycles was the upper end of the testing 
range. 

A major qualitative difference be
tween nugget development as a function 
of these two welding variables is the 
range over which nuggets can be 
formed. For the 1.09-mm sheet, the cur
rent range was only about 3000 A, or 
about 30% of the range from zero to 
expulsion. With respect to welding time, 
however, the range was something 
greater than 9 welding cycles, or greater 
than 60% of the range from zero to 
expulsion. 

Figure 5 shows the effect of varying 
the sheet thickness. The dependence of 
the nugget size on sheet thickness is 
obscured somewhat, as many of the 
welding parameters (e.g., welding force 
and electrode face diameter) are also 
functions of gauge. For comparative pur
poses, however, the welds shown in 

these micrographs were all made near 
the expulsion limit. This way, the features 
of fully developed nuggets can be com
pared. Three trends in nugget develop
ment with respect to gauge can be seen 
from these micrographs: 

1. The nugget volume increases with 
gauge. 

2. The degree of penetration prior to 
expulsion decreases with increasing 
gauge. 

3. The aspect ratio of the fully devel
oped nugget decreases with increasing 
gauge. 

On the first point, larger nuggets are, 
of course, desirable in heavier gauge 
sheet, to maintain structural integrity. 
However, larger nuggets require larger 
electrodes, greater welding currents, 
longer welding times, and heavier weld
ing forces. This is reflected in the various 
companies' spot welding procedures. 

A major portion of this work con
cerned correlating the results from the 
thermal model with the experimental 

observations. Specifically, the model was 
used to predict the thickness of nuggets 
as a function of each of the experimental 
variables. Measurements of the nugget 
thickness were taken from micrographs 
such as those shown in Figs. 3 to 5. 

Plots representing nugget size as a 
function of welding current are shown in 
Figs. 6 to 8. Results from both the thermal 
modelling and optical micrographs are 
included. Figure 6 shows the results for 
the 1.52-mm (0.06-in.) sheet welded at 6 
and 20 cycle weld times. Qualitatively, 
both the model predictions and the nug
get measurements demonstrate what 
was observed in the optical micrographs. 
That is, some initial current level must be 
achieved to produce any melting, and 
above this the nugget size increases rap
idly with increasing current level. In this 
gauge of sheet, however, there is clearly 
a discrepancy between model prediction 
and experimental results. The model con
sistently predicts a nugget thickness vs. 
current curve similar to, but to the left of, 

3 . 0 

2.5 
E 
E 

co 2.0 
W 
HI 
z 

G
G

E
T

 
T

H
IC

 

3 
Z 0 . 5 

0 

_ 

-

A 

MODELLING / 

A 1 

J * / •/ 
/ / 
' 1 EXPULSION 

/ 
/ 
1 
1 

1 
) EXPERIMENT 

1 
1 
1 

— I _ . • i l . 1 1 

3.0 

2.5 -

w 
CO 2 . 0 
LLI 
Z 

o 
£1 .5 

(3 1.0 
O 
Z> 

0 . 5 -

-

— 

-

B 

MODELLING/ 

/ \ I — ~ l 

J 
/ 
/ 

* 
/ 

/ 
• /• 
/ 
/ i 

' E X P U L S I O N 

/ • 
/ 
/ 
EXPERIMENT 

I I 
9.2 10.8 12.4 14.0 15.6 17.1 18.8 6 - ° 7.6 9 .2 10.8 12.4 14.0 15.6 

WELDING CURRENT (KA) WELDING CURRENT (KA) 

Fig. 6 —Nugget size vs. current in a 1.52-mm sheet, comparison between model and experiment. A—6 weld cycles; B — 20 weld cycles 

WELDING RESEARCH SUPPLEMENT 15-s 



2.1 

1.8 -

1.5 -

CO ! 2 
co • • * 

o 
0.9 

i 0.6 
O 
13 

0 . 3 -

-

-

A 

1 

M O D E L L I N G / 

/ 1 . 

/ • 

/ 
•/ 

/ • 
/ 

• / 
/ . 

/ 
/ 
/ 

/ 
I EXPERIMENT 

/ / 
/ 

d 1 1 

2.1 

1.8 -

E 
E 1.5 

1.2 -

0.9 -

LU 
O 
O 0.6 
3 

0.3 

MODELLING 

6 7 8 9 10 11 12 

W E L D I N G C U R R E N T ( K A ) 

E X P U L S I O N 

7 8 9 10 11 12 13 

WELDING CURRENT (KA) 

Fig. 7—Nugget size vs. current in a 1.09-mm sheet, comparison between model and experiment. A —9 weld cycles; B— 15 weld cycles 

0 . 9 6 

0 . 8 0 

E 
w 0 . 6 4 
co 
co 
UJ 

| 0.48 

I 
h-
I- 0.32 
LU 
C3 
C5 

i 0.16 

0 
5 .0 

EXPERIMENT/ 

/ 

0 . 9 6 

0 . 8 0 

CO 
co 0 . 6 4 
LLI 
z 

j 0.48 

S0.32 
C3 

Z 
0.16 

E X P U L S I O N 

- U _ — I ... /I 
5.8 6 .6 7 .2 8.2 9 .0 

W E L D I N G CURRE NT ( K A ) 

9.8 10.6 5.0 5 .8 6.6 7 .4 8 .2 9 .0 

WELDING CURRENT ( K A ) 

9 .8 10 .6 
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the experimental data. This observation 
has been made previously by other 
authors of similar one-dimensional mod
els (Ref. 19), and has been attributed to 
radial heat loss to the surrounding 
sheet. 

Figure 7 shows some sample results for 
the 1.09-mm sheet welded at 9 and 15 
weld cycles. The results here are similar 
to those for the 1.52-mm sheet. Again, 
the predicted nugget thickness vs. weld
ing current curve is to the left of the 
experimental data, undoubtedly for the 
same reasons described above. 

Figure 8 shows the same results for the 
0.51-mm (0.02-in.) sheet welded at 6 and 
12 cycle weld times. For this gauge of 
sheet, the model has done a significantly 
better job of predicting the experimental 
results. Apparently, for the lighter gauges 

of sheet, radial heat loss into the sur
rounding material is considerably less 
important than for the heavier gauges. At 
the upper end of the current range, the 
predicted nugget thickness vs. current 
curve agrees well with the experimental 
results. However, at the lower end of the 
current range, the predicted curve actual
ly lies to the right of the experimental 
results. This indicates that heat generation 
during the early stages of nugget devel
opment has been underestimated. 

Plots showing nugget size as a function 
of welding time are given in Fig. 9. Figures 
9A to 9C show sample nugget thickness 
vs. welding time curves for each gauge of 
sheet for some nominal welding current. 
Again, both model predictions and exper
imental results are given in each plot. 
Figure 9A gives the results for the 1.52-

mm sheet. Consistent with the nugget 
thickness vs. current results for this gauge 
of sheet, the predicted curve lies up and 
to the left of the experimental results. 
This again is due to radial heat losses to 
the surrounding sheet. The model does 
predict, consistent with the experimental 
results, an extremely large weld time 
"w indow" between initial melting and 
expulsion. Figure 9B represents the nug
get thickness vs. welding time results for 
the 1.09-mm sheet welded at 10,000 A. 
Again, agreement between model and 
experiment is similar to that for the 1.52-
mm sheet, for similar reasons. As with the 
heavier gauge sheet, a very wide welding 
time "w indow" is both predicted from 
the model and observed experimentally. 
Figure 9C shows the nugget thickness vs. 
welding time results for the 0.51-mm 
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Fig. 9 — Nugget size vs. welding time for the three gauges of sheet, comparison between model and experiment. A— 1.52-mm sheet welded at 13,000 
A; B- 1.09-mm sheet welded at 10,000 A; C-0.51-mm sheet welded at 8000 A 

sheet. Consistent with the nugget thick
ness vs. current results, the model corre
lates well with the experiment when the 
nuggets are fully developed, and less well 
at shorter welding times. This again (as 
with the nugget thickness vs. current 
curves) suggests that heat generation 
during the early stages of nugget devel
opment is being underestimated. As with 
the two heavier gauge steels, a very wide 
welding time window is both predicted 
from the model and observed experi
mentally. 

The thermal model can be used, in a 
semiquantitative way, to examine the 
thermal response of spot welds. From a 
metallurgical standpoint, the temperature 
variation with respect to both time and 
position in the weld are important. Some 
examples of how temperature varies 
with position and time are shown graphi
cally in Fig. 10. To generate this data, a 
sheet thickness of 1.09 mm was used 
with a welding current of 10,000 A. 

Figure 10A shows the relationships 
between temperature and distance (from 
the faying surface) for several weld times. 

Early in the welding cycle, the tempera
ture rise is concentrated at the faying 
surface (due to the large resistance 
there). With longer welding times, the 
temperature distribution broadens. This 
occurs presumably as the faying surface 
resistance decreases, and heat genera
tion becomes more heavily dependent 
on the bulk resistivity. With the onset of 
melting, very different temperature distri
butions are observed in the liquid and 
solid. The thermal gradient in the liquid is 
very shallow, presumably due to the very 
large heat transfer coefficient the model 
has used for the pool. Thermal gradients 
in the solid, on the other hand, are very 
steep. This is due to the imposed thermal 
constraints of the weld pool on one side, 
and the chilled copper electrode on the 
other. 

Figure 10B shows the temperature vs. 
time relationships for a few positions in 
the weld at varying distances from the 
faying surface. The "bumps" on these 
plots are due to an instability in the model 
associated with the melting and resolidifi
cation of discrete volume elements. The 

most metallurgically significant features 
which can be taken from these curves 
are the heating and cooling rates in the 
weld. The heating rates were very rapid 
throughout the weld, but decreased sig
nificantly with increasing distance from 
the faying surface. Cooling rates in the 
weld were somewhat less sensitive to 
position in the weld, and for these weld
ing conditions (12 cycles welding time), 
reached a peak value of 5000°C/s 
(9032° F/s) in the austenite-to-ferrite 
transformation region. 

Discussion 

Qualitatively, nugget development as a 
function of the welding variables used in 
this study (welding current, welding time, 
and sheet thickness) is fairly straightfor
ward. How nugget growth proceeds as a 
function of welding current and welding 
time is qualitatively similar, and can be 
described as: 

1. Some incubation period before 
which no melting is observed. 
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Fig. 10 —Predicted thermal cycles for a 1.09-mm sheet welded at 12 weld cycles and 10,000 A. A — Temperature vs. distance; B — Temperature vs. 
time 

2. A region of rapid nugget growth. 
3. A region over which the rate of 

nugget growth progressively decreases. 
4. Expulsion. 
Differences in nugget development 

with respect to these two welding vari
ables can be described as differences in 
the relative sizes of these regions. For 
example, nugget growth with respect to 
welding current can be characterized by 
a large region of incubation, small regions 
of rapid growth and decreasing growth, 
and finally expulsion. Similarly, nugget 
growth with respect to welding time is 
characterized by small regions of incuba
tion and rapid growth, and a large region 
of decreasing growth. Often, this region 
of decreasing growth progressed to a 
point where the nugget was in a steady 
state under the applied welding current, 
i.e., the nugget size became independent 
of the welding time. As a consequence, 
expulsion was often not observed. 

As mentioned, the effect of varying 
the gauge was largely to vary the size of 
the formed nugget. This is a direct result 
of the larger diameter electrodes, heavier 
welding forces, larger welding currents, 
and longer welding times used with 
heavier gauge steels. 

Some insight into the above observa
tions can be gained by doing a simple 
heat f low balance on the spot welding 
process (this analysis is distinct from, and 
should not be confused with, the numer
ical modelling done elsewhere in this 
paper). This analysis assumes that the 
weld can be treated as a lumped thermal 
mass, all heat generated is conducted 
away by the electrodes, and the elec
trode-sheet contact surface remains at a 
constant temperature. Heat flow in the 
weld can be approximated by the follow

ing equation: 

AAx pC p AT/At = 
l2R - KA AT/Ax (1) 

A is the electrode area; p, Cp and K are 
the density, heat capacity, and thermal 
conductivity of the steel, respectively; R 
is the weld resistivity; I is the welding 
current; At is the welding time; Ax is the 
sheet thickness; and AT is the total tem
perature rise. This expression can be 
rearranged to yield: 

AT = 
lfR| 
2K 
fAr^i IT 
|_ Ax L a At + 1 J J 

(2) 

where a is the thermal diffusivity of the 
steel. If AT is loosely equated to the 
nugget size, this expression, though over
simplified, can be used to interpret some 
of the results. Considering the welding 
current, AT is proportional to I2. As AT 
increases as the square of the current, 
this suggests a relatively longer incubation 
time and the shorter stages of rapid 
growth and decreasing growth (at higher 
currents). As AT continues to rise with 
increasing current, expulsion is also pre
dicted. 

With respect to the welding time, the 
temperature rise can be described by: 

Ax2 

AT tx L a At + J (3) 

For short welding times, AT is proportion
al to At, suggesting, as is observed exper
imentally, small regions of incubation and 
rapid growth. For longer welding times, 
Ax2 /aAt approaches zero, and AT 
approaches a constant value. A constant 
value of AT is equivalent to a steady 
state nugget size, and is often reached 
before the expulsion limit. This corre

sponds to the observations of a large 
region of decreasing growth and often 
no expulsion. 

Interpreting this equation with respect 
to gauge is somewhat more difficult. 
However, if the expression is simplified 
by assuming fully developed nuggets 
(long weld times), AT is proportional to 
(A/Ax) - 1 (A is a function of Ax in any of 
the automotive welding schedules) (Refs. 
1, 2). This shows the importance of the 
electrode area to sheet thickness ratio. As 
A/Ax increases, it becomes increasingly 
difficult for the nugget to develop. This, 
of course, is because heat is more easily 
conducted away from the weld. 

As mentioned, a one-dimensional finite 
difference model of the spot welding 
process has also been developed. This 
model has been used to gain a more 
quantitative understanding of nugget 
development. Results from this model, as 
well as comparison with experimental 
data, are shown in Figs. 6 to 9. These 
figures compare predicted nugget 
growth-with measured nugget sizes as a 
function of welding current and welding 
time. Generally, the model predicts the 
proper shape of the curve, and gives the 
various regions of nugget development in 
the proper proportions. However, the 
predicted curves are usually displaced 
from the measured data. These discrep
ancies have been attributed to one of 
two inadequacies in the model: radial 
conduction in the sheet and improper 
characterization of the faying surface 
resistance. These problems are discussed 
below. 

Radial Heat Conduction in the Sheet 

The finite difference heat flow model 
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presented here is one-dimensional. It can
not account for heat losses into the 
surrounding sheet. When this type of 
heat loss is significant, the model overes
timates the nugget size. Examples of this 
are seen in Figs. 6 and 7, and in Figs. 9A 
and 9B. Figures 8 and 9C, however, do 
not show this trend. Apparently, conduc
tion into the sheet was limited for this 
weld configuration. To estimate the 
importance of heat loss to the surround
ing sheet, another simple heat flow anal
ysis can be done. Basically, one can 
coarsely approximate heat flow into the 
electrodes (qe) and surrounding sheet 
(qs). 

and 
qe = - K A AT/Ax (4) 

qs = - K (vrd Ax) AT/ (d/2) (5) 

where d is the electrode diameter. The 
first equation assumes heat to be con
ducted through the electrode face area 
over a distance of the sheet thickness 
(alternatively, that the electrode sheet 
interface remains at a constant tempera
ture). The second equation assumes heat 
to be conducted through an area equal 
to the circumference of the electrode tip 
times the sheet thickness, over a distance 
of the electrode radius. The ratio of heat 
lost due to radial conduction in the sheet 
to heat lost through the electrodes can 
be approximated as q s /qe , or: 

= 8(Ax/d)2 

Alternately, the 
through radial 
expressed as: 

i n 

fraction of 
conduction 

8(Ax/d)2 

heat 
can 

(6) 

lost 
be 

(7) 
qs + qe 8(Ax/d)2 + 1 

With either expression, as (Ax2 /d2)-*0, 
heat flow approaches the one-dimen
sional condition. Larger values of Ax 2 /d 2 

indicate an increasing importance of radi
al heat conduction in the sheet. Values of 
Ax 2 /d 2 and f5 for the three gauges of 
sheet are shown in Table 4. For the 
gauges of sheet studied, Ax 2 /d 2 varies by 
a factor of 4. This is consistent with the 
observation of significant radial heat loss 
in the 1.52-mm sheet, and little radial heat 
loss in the 0.51-mm sheet. 

Proper Characterization of the Faying 
Surface Resistance 

The faying surface resistance generally 
plays a large role in nugget development. 
This is because the faying surface is usu
ally the highest resistive component of 
the welding circuit, and as such, is 
responsible for the greatest local heat 
generation. Resistivity measurements 
done at Inland and elsewhere (Ref. 20) 
have shown the static faying surface 
resistance is 100 to 1000 times the total 
resistance of a developed nugget. In 

addition, the faying surface also varies 
considerably with temperature and pres
sure (Refs. 4, 18). Very little quantitative 
work has been done, however, to char
acterize these resistances (especially as a 
function of temperature). Still, it was 
desired to include the (dynamic) faying 
surface resistance in the model. So, in the 
absence of any data, the author assumed 
that the faying surface would decrease 
linearly with increasing temperature. 

The endpoints for this approximation 
were the static value (at 25 °C) and zero 
(at the melting point). Unfortunately, this 
assumption has broken down. This is 
most clearly seen in the results from the 
0.51-mm sheet. Here, it is obvious that 
during the early stages of nugget forma
tion the model is unable to generate 
sufficient heat to predict the experimen
tally observed results. As such, the pre
dicted nugget sizes are generally less than 
those observed experimentally. Clearly, 
better fit between model and experiment 
awaits a better characterization of the 
faying surface resistance. 

Subject to some noticeable limitations, 
the model has been shown to approxi
mate nugget growth during spot welding. 
This fact lends credibility to the thermal 
cycles the model predicts. These thermal 
cycles, although subject to the types of 
error discussed above, provide consider
able insight into both how heat is gener
ated in spot welds and the severity of the 
thermal cycles. As such, the remainder of 
this section will discuss these thermal 
cycles and their effects on weld structural 
development. Figure 10 shows predicted 
thermal cycle results for a 1.09-mm sheet 
welded at 12 weld cycles and 10,000 A. 

Figure 10A shows the temperature dis
tribution in the through-thickness direc
tion of the sheet at fractional time incre
ments in the weld cycle. The first obser
vation which can be made from these 
curves is the relative influence the surface 
and bulk resistances play in the early 
stages of nugget development. This can 
be seen in the curves representing 0, 
0.75, 1.5, and 3 weld cycles. During the 
earliest stages of heating (0.75 cycles), the 
surface resistance plays a dominant role 
in heat generation. Evidence for this 
comes from the shape of the curve. The 
curve is concave up, suggesting that heat 
is generated at the weld centerline and 
conducted into the rest of the weld. By 
1.5 weld cycles, the bulk resistance has 
started to play a role. The curve now has 
a point of inflection, near the weld cen
terline (where the temperature and bulk 
resistivity are the highest). The curve is 
concave down, indicating bulk joule 
heating is dominant. Further away, the 
curve is still concave up, indicating the 
temperature rise is still controlled by heat 
conduction from the hotter regions of 
the weld. Finally, by 3 weld cycles the 
temperature at the faying surface has 

Table 4 - Gauge 

Gauge (mm) 

0.51 
1.09 
1.52 

of Steel Studied 

(Ax/d)2 

0.011 
0.032 
0.040 

f. 
0.083 
0.203 
0.242 

t -

z LU 

E Q-

o _ l 
UJ 

> 

reached the melting temperature. At this 
point, the faying surface resistance has 
fallen to zero, and the temperature rise is 
completely dominated by the bulk resis
tive heating. Consequently, the curve is 
concave down. 

These curves also give some insight 
into the relative thermal gradients devel
oped in the liquid and solid. As might be 
expected, severe thermal gradients in the 
solid are required to constrain the nugget 
when it is fully developed. This is shown 
in the curves representing 6 and 12 weld 
cycles. Such extreme thermal gradients in 
the solid result in a highly compressed 
heat-affected zone. This can be seen in 
many of the micrographs of Figs. 3 to 5. 
Somewhat surprising are the very shallow 
thermal gradients in the liquid pool. This is 
undoubtedly due to the very high heat 
transfer coefficient used for the liquid. 
Concurrent with this observation, only a 
very small superheat (300°C/572°F in 
the 12 weld cycle curve) is found in the 
liquid pool. Such shallow thermal gradi
ents, combined with the rapid solidifica
tion rates experienced during spot weld
ing, should result in a cellular-dendritic 
solidification structure (Ref. 21), as has 
been observed (Ref. 22). 

Figure 10B shows temperature-time 
profiles for several positions in the 
through-thickness direction of the weld. 
Some interesting features concerning 
nugget development can be noted from 
these curves. First is the influence of the 
surface resistance on the heating rate. 
The faying surface (x = 0) temperature 
reaches 0.9Tm within a small fraction of a 
cycle. After this, the heating rate tapers 
off, largely because the faying surface 
resistance falls with increasing tempera
ture. These heating rates also decrease 
with increasing distance from the weld 
centerline. The degree of superheat can 
also be taken from these curves, and 
again the maximum value is about 
300°C. 

One of the most important results 
from the model is the ability to predict 
cooling rates. Such cooling rates can be 
taken from the curves of Fig. 10B. Char
acterizing these cooling rates is critical to 
understanding phase transformations in 
spot welds. These curves indicate cooling 
rates in the y -*• a transformation region 
of about 5000°C/s. The cooling rate 
appears to vary only slightly (20%) over 
the entire through thickness of the weld. 
Through the range of gauges used in this 
study, cooling rates from 2000°-
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10,000°C/s (3632°-18,032°F) were ob
served. Phase transformations under 
these cooling rates are not very well 
understood, as they are more severe 
than water quenching (1000°C/s, or 
1832°F/s), and less severe than splat 
quenching (105-106oC/s). 

Conclusions 

Nugget development of an AISI 1008 
steel has been characterized as a function 
of the sheet thickness, welding current, 
and welding time. To aid in understand
ing these results, a one-dimensional ther
mal model for the spot welding process 
has also been developed. It was found 
that, both empirically and from the mod
elling results, nugget growth with respect 
to both welding current and welding time 
was qualitatively similar. Four stages of 
nugget growth were identified. These 
include: 

1. An incubation period (no observ
able nugget). 

2. A region of very rapid nugget 
growth. 

3. A "shoulder" region, where the 
nugget growth rate progressively de
creases. 

4. Expulsion. 
Differences in nugget growth behavior 
with respect to the welding current and 
welding time were described in terms of 
the relative sizes of each of these 
stages. 

The effect of varying the sheet thick
ness is somewhat more difficult to inter
pret, as many of the welding variables are 
dependent on gauge. For example, both 
the welding force and electrode diameter 
vary with the gauge of steel welded. 
However, observations of fully devel
oped nuggets indicate that nuggets in 
sheets of increasing thickness have pro
gressively larger volumes, larger aspect 
ratios and a smaller degree of nugget 
penetration. 

These results were semi-quantitatively 
related to the experimental variables by a 
simple one-dimensional heat flow analy
sis. That analysis yielded: 

1. ATccI2 — This accounts for the rapid 
nugget growth rates in regions of rapid 
growth and decreasing growth, and the 
ease with which the expulsion limit is 
reached. 

2. AToc [Ax2/(aAt) + 1]_ 1 —This sug
gests that nugget growth is rapid at short 
welding times, but falls to zero at long 
welding times. 

3. AT cx (A/Ax) - 1 —This shows nugget 
development is heavily dependent on the 
sheet thickness to area ratio. 

As mentioned, a one-dimensional finite 
difference thermal model of the spot 
welding process was also developed. 
This model was used to predict nugget 
sizes as a function of the experimental 
variables, and these were compared with 

those measured optically. The model was 
very effective in predicting the shape of 
the nugget size vs. current and nugget 
size vs. welding time curves. However, 
the results were usually displaced to 
some degree. Some reasons for this dis
placement are: 

1. Radial heat flow in the sheet —A 
simple heat flow analysis was done to 
estimate the relative rates of heat with
drawal through the electrodes and radial
ly into the sheet. It was found that the 
ratio of these rates of heat withdrawal 
could be expressed as: 

Si 
qe m (8) 

Alternatively, the fraction heat lost into 
the sheet compared to the total heat 
conducted away from the weld could be 
expressed as: 

fs = 
8(Ax/d)2 

qs + qe 8(Ax/d)2 + 1 
(9) 

fs varies from zero when the electrode 
diameter is large compared to the sheet 
thickness (one-dimensional heat flow), 
and to 1 when Ax > > d (radial heat flow 
only). Clearly, the smaller the value of fs, 
the more accurate the one-dimensional 
model described in this work becomes. 

2. Inadequate characterization of the 
faying surface resistance — The faying sur
face resistance, and especially its depen
dence on temperature, is not well under
stood. In lieu of any data in this area, the 
author assumed the faying surface resis
tance decayed linearly (from the static 
value) with increasing temperature. This 
approximation is apparently inadequate, 
as borne out by the results from the 
0.51-mm sheet. Similar error is undoubt
edly present in the nugget growth predic
tions for the heavier gauge sheets, but is 
apparently masked by radial heat loss 
effects. Clearly, further refinement of the 
model in this area awaits better faying 
surface temperature data. 

Finally, the model was used to describe 
thermal cycles in some of these welds. 
From the modelling results, it was possi
ble to estimate: 

1. Superheat in the weld nuggets. 
2. Thermal gradients in the liquid and 

solid. 
3. Cooling rates in the weld. 

All of the above have a significant influ
ence on weld nugget development. 
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Detectability and Significance of Buried 
Tears in Welded T-Joints 

Detection by UT is hindered by the characteristics of lamellar tearing 

BY R. D. STOUT AND J. H. KOH 

Introduction 

In previous projects (Refs. 1, 2) funded 
by the American Iron and Steel Institute at 
Lehigh University, the influence of weld
ing variables on lamellar tearing was 
investigated, and a study was conducted 
on the extent to which buried lamellar 
tears affected the static and fatigue prop
erties of a welded steel that is susceptible 
to lamellar tearing. ,ln a T-joint loaded 
cyclically in bending, the fatigue strength 
was lowered significantly by buried tears 
directly beneath the toe of the weld, 
even if they intercepted less than 10% of 
the supporting area. The toughness was 
also found to decrease in proportion to 
the extent of tearing. 

As a consequence of the findings on 
the effects of buried lamellar tears on 
mechanical properties, it was decided to 
determine whether ultrasonic (UT) 
inspection methods can be relied upon to 
detect buried tears when they reach a 
size that may produce a meaningful loss 
of mechanical properties. The general 
approach was to produce lamellar tearing 
of various sizes in a series of T-joints, UT 
inspect them to determine the indications 
obtained by tearing, and cross-section 
the joints to reveal the actual extent of 
tears and thus the capability of the UT 
inspection. Several of the joints were also 
examined by industrial qualified inspec
tors. 

Additional specimens were prepared 
covering a range of tear sizes to deter
mine their effect on the static strength of 
a T-joint in tension and in bending. 

Paper sponsored by the AISI Engineering Sub
committee and presented at the 67th Annual 
AWS Meeting, held April 14-18, 1986, in 
Atlanta, Ga. 

R. D. STOUT and J H. KOH are with the 
Department of Materials Science and Engineer
ing, Lehigh University, Bethlehem, Pa. 

Experimental Program 

The cantilever-beam lamellar-tearing 
test shown schematically in Fig. 1 was 
originally developed at Lehigh to permit 
external loading of the weld joint under 
controlled tension during and after each 
weld pass, to determine the critical stress 
level required to originate and propagate 
lamellar tears. Subsequently, it was found 
possible (Ref. 2) to operate the test pro
cedure so as to induce a limited extent of 
tearing short of complete failure. This 

was accomplished by applying a critical 
load to the weld joint, which was also 
monitored by an untuned acoustic-emis
sion sensor attached to the cantilever. A 
relaxation of the load accompanied by an 
increased emission intensity signaled the 
beginning phases of tearing. Release of 
the load at the proper instant interrupted 
tearing when it had just begun or at any 
point short of complete failure, resulting 
in a partial tear that remained completely 
buried. Furthermore, the cantilever beam 
could then be sawed off close to the 
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Fig. 1 —Lehigh lamellar tearing fixture 
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