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ABSTRACT. The effects of various
process conditions on weld quality were
studied for aluminum resistance spot
welding. Along with major welding
process parameters including current,
time, and electrode force, abnormal
process conditions such as poor fitup, axial
misalignment, and angular misalignment
were also examined using a systematic de-
sign of experiment method. The combina-
tions of two and three levels of these fac-
tors were tested in the experiment and the
corresponding weld button diameters
were evaluated with peel tests. As an ex-
perimental method to estimate the weld
lobe and quality, the two-stage,  sliding-
level design of experiment was used to
consider the linear and quadratic effects
of the process parameters. Through the
analysis, mathematical models were es-
tablished, based on which the influences
of the welding parameters on the weld
lobes and weld size were discussed. The
significance of the process abnormalities
and the recommendations for better weld
quality were also presented.

Introduction

As the demand for lightweight and
highly fuel-efficient automobiles in-
creases, joining of aluminum alloy has be-
come an important issue in the automo-
tive industry. Aluminum alloy offers high
strength-to-weight ratio and excellent cor-
rosion resistance. It is therefore consid-
ered a substantial weight-saving alterna-
tive to traditional mild steels for vehicle

body structures. For several decades, the
joining of mild steel body structures has
been done using resistance spot welding
(RSW). Unlike other methods such as me-
chanical fastening and riveting, the RSW
process is fast, flexible, and easy to main-
tain. Moreover, it is a well-established
process in the automotive industry. As a
result, there is a strong preference to using
RSW in joining aluminum sheet metal
parts. However, a serious concern exists
on the quality of aluminum spot welds due
to the difference between the RSW of
steel and aluminum (Ref. 1). Compared to
steel, aluminum has higher electrical and
thermal conductivities, a narrower range
between the solidus and liquidus temper-
atures (about 30°C), and a lower melting
temperature around 670°C (Ref. 2). Alu-
minum also forms nonconductive films on
its surfaces when exposed to air. All these
properties make the RSW process of alu-
minum harder to control. Consequently,
detailed studies are needed on the quality
variation of the aluminum RSW process
to achieve consistency in high-volume pro-
duction (Ref. 3).

Most of the previous research on alu-
minum RSW was concentrated on the ef-
fects of major process parameters such as

electrode force, current, time, electrode
type, and surface conditions (Refs. 4–7).
Shear strength and weld button diameter
were used as measures of the weld quality.
Early work on RSW of high-strength alu-
minum alloys in the aerospace industry
has shown that riveting performed better
in terms of the fatigue strength (Ref. 8).
Later, high-strength spot-welded alu-
minum structures have been demon-
strated in the automotive industry (Ref.
9). Among various methods of analyzing
the effects of welding parameters, the
weldability lobe diagram is one of the most
powerful techniques that can be used to il-
lustrate the effects of welding current and
time. Kaiser et al. (Ref. 10), and Han et al.
(Ref. 11), employed the lobe diagram to
investigate the acceptable welding current
and time for high-strength steel. The weld
lobe diagram was also used to examine the
coating effects of various types of coated
steels, e.g., hot-dipped galvanized steel,
electrogalvanized steel, and galvannealed
steel (Refs. 12–14). Weld lobe diagrams
are usually developed in a lab environ-
ment with nominal process settings and
then extended to production. In a produc-
tion environment, however, there are
many abnormal process conditions that
may result in large weld quality variation.
The effects of the abnormal process con-
ditions have been discussed by a number
of researchers. Nagel and Lee considered
abnormal conditions in order to develop a
new automatic process control approach
(Ref. 15). Karagoulis studied the effect of
electrode misalignment in a plant envi-
ronment and reported that a shift of the
weldability lobe curves was observed be-
cause of the electrode misalignment (Ref.
16). Li, et al. conducted a systematic study
on the effects of both normal and abnor-
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mal welding conditions (Ref. 17). Mathe-
matical models were developed for
process analysis and improvement. All the
above research, however, was focused on
the RSW of mild steels. A systematic study
on the effects of various process condi-
tions for the aluminum RSW process has
not been reported.

In this study, the effects of various
welding conditions on the quality of alu-
minum welds were investigated using the

design of experiment and statistical mod-
eling approach. Both process parameters
and abnormalities, such as electrode mis-
alignment and poor fitup, were examined.
Because of the complexity of the combi-
nations and the interdependency among
the process parameters, a newly devel-
oped two-stage, sliding-level experiment
(Ref. 17) was used for the experimental
design and analysis. Mathematical models
were developed for estimating the weld

size and weldability lobe curves, both of
which were used as response variables to
analyze the effects of the process condi-
tions. The proprieties of the models and
recommendations for better weld quality
were also presented. 

Experimental Procedure

The experiments were performed
using 2.0-mm commercial aluminum
Alloy AA5754 on a mid-frequency DC
welding machine. The electrodes were
dome-type with a spherical surface. Weld-
ing parameters, such as welding current,
time, and electrode force, were examined
with a number of abnormal process condi-
tions. The abnormal conditions consid-
ered in this study were recommended by a
group of experienced welding engineers.
These conditions included axial misalign-
ment, angular misalignment, and poor
fitup, as shown in Fig. 1. Axial misalign-
ment Ax in Fig. 1A indicates that the axes
of the upper and lower electrodes deviate

Fig. 1 — Abnormal process conditions in aluminum resistance spot welding.

Table 1 — Design Factors of the Experiment

Design Factors Low Medium High

Current I (A) Determined accordingly (sliding level)
Time T (cycle) 8 12 16
Electrode force F (kN) 5.1 6.3 7.5
Electrode size S (mm) 25 50 75
Poor fitup Fit (mm) 0 — 5
Axial misalignment Ax (mm) 0 — 1.5
Angular misalignment Ang (°) 0 — 10

Electrode force effectA B Electrode size effect

Fig. 2 — Effect of the major welding parameters on the weld lobes. A — Electrode force effect; B — electrode size effect.

Axial misalignment Angular misalignment Poor fit -up

A B C
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from each other by a distance d. Figure 1B
shows the angular misalignment condition
Ang in which the parts are tilted relative to
the axis of the electrode by an angle of a.
When the two sheet metal parts separate,
a poor fitup condition Fit exists. This con-
dition was created by inserting a piece of
wire with a diameter of a at a distance b
from the centerline of the electrodes, as
shown in Fig. 1C. A specially designed fix-
ture was used to produce the above ab-
normal conditions. 

In the design of experiment, the factors
considered were the abnormal process con-
ditions and the major welding parameters,
including welding current I, time T, and
electrode force F. In case of electrode wear,
electrode size S (spherical radius) was used
since it was assumed that the electrode wear
affected the process through the change of
the electrode face diameter. The settings of
these factors in the experiment were deter-
mined based on previous process knowl-
edge. Two levels were used for the abnormal
process conditions and three levels for the
major welding parameters and electrode
size. The settings of the factors in the ex-
periment are listed in Table 1.

In order to study the effects of the ab-
normal process conditions with various
welding parameters, the two-stage, slid-
ing-level method was employed in the de-
sign and analysis of the experiment. This
method was necessary because of the in-
terdependency among the variables in the
resistance spot welding process. Specifi-
cally, there is an acceptable range for the
welding current as shown in a typical weld
lobe diagram. As such, the experiment
had to be conducted in two stages. The
first stage was used to determine the suit-
able current range under each designed
experimental condition; and the second
stage was used to perform test welds on
the settings determined at the first stage. 

The experiment matrix is shown in Table
2. The first three columns are for the three-

level factors. The levels
are low, medium, and
high, represented by 1,
2, and 3, respectively.
The last three columns
are for the two-level fac-
tors whose levels are de-
scribed as –1 and 1, with
–1 indicating the low
level and +1 indicating
the high level. For each
of these settings, a cur-
rent range was deter-
mined based on a stan-
dard weld lobe
development proce-
dure (Ref. 18). After the
current ranges were
found, the experiment
was carried out based
on the results from the
first stage to evaluate
the weld quality. The
welded samples were
peeled and the diame-
ters of the weld buttons measured following
a standard weld quality evaluation proce-
dure (Ref. 19).

Response Modeling

A statistical regression analysis was
performed to analyze the quality of alu-
minum resistance spot welds in terms of
the weld lobe and weld diameter. The re-
lationships among the acceptable current
range, weld diameter, and the welding pa-
rameters were characterized using mathe-
matical models. The response variables of
the models were different at different
stages of the experiment. At the first stage,
the current range was selected as the re-
sponse variable. In order to facilitate the
analysis, the current range of the weld lobe
was converted into two independent re-
sponse variables, the center of the current
range IC and the length of the current

range IL. At the second stage, the response
variable was the weld button size. 

In this study, two groups of factors were
used to construct the response models
through a regression analysis. One group
was the two-level factors such as poor fitup,
axial misalignment, and angular misalign-
ment. The other group was the three-level
factors consisting of electrode force, weld-
ing time, and electrode size. In the regres-
sion analysis, the first group of variables
contributed to the first-order regressors.
The second group contributed to both the
first- and second-order regressors. In addi-
tion, the interactions among the indepen-
dent regressors were also included in the re-
sponse models. In order to avoid inaccurate
estimation due to co-linearity among the
above terms, an orthogonal coding system
was introduced. For the three-level vari-
ables, the physical values were normalized
to [–1 0 –1] for the first-order linear effect
x1 and to [1 –2 1] for the second-order qua-

Fig. 3 — Examples of effects of the abnormal conditions on the weld lobes.
A — Medium electrode force with medium electrode size; B — low elec-
trode force with small electrode size; C — high electrode force with large
electrode size.

Medium electrode force with medium 
electrode size

Low electrode force with small electrode sizeA B

High electrode force with large electrode sizeC
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dratic effect x2. The normalizations are de-
fined in the following equations.

(1)

(2)

where xl, xm, and xn are the settings for low,
medium, and high values of the factors, re-
spectively. Due to the difference of re-
sponse variables in the two stages of the
experiment, current range and weld size
were analyzed separately during the re-
gression analysis.

Current Range Analysis

Before performing the regression
analysis, the correlation coefficients be-
tween the dependent variables including
the center and the length of the current
range and the independent variables in-
cluding the linear and quadratic effects of
electrode size, force, and welding time and
the linear effects of poor fitup, axial mis-
alignment, and angular misalignment
were calculated and listed in Table 3. Sub-
script 1 stands for the linear effect. Sub-
script 2 stands for the quadratic effect.
From the table, it can be seen that elec-

trode force, followed by electrode size, is
the most dominant factor affecting the
center of the current range. The abnormal
conditions themselves do not play an im-
portant role on the center of the current
range. However, they have strong influ-
ences on the length of the current range,
e.g., the poor fitup condition Fit has a cor-
relation coefficient of –0.840 with IL. In
general, the second-order quadratic ef-
fects have lower correlation than the first-
order linear effects. Nonetheless, they sig-
nificantly affect the center and length of
the current range when their interactions
with other factors are considered. This can
be seen in Equations 3 and 4, where the in-
teraction terms such as T2*Fit and F2*Ax
are included in the response models. 

Usually, the larger the correlation co-
efficient is, the larger the effect a variable
will have. However, because the correla-
tion coefficient depends only on the linear
relationship between the response and the
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Fig. 4 — Relationship between measured and estimated weld diameter. A — Poor fitup; B — axial misalignment; C — angular misalignment; D — normal
condition.
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variable, a more advanced regressor selec-
tion procedure is required. To develop
more reliable models, a stepwise regres-
sion method (Refs. 20, 21) was applied in
this study. The regressors were selected
from the independent variables including
the linear, quadratic effects of the vari-
ables and the interactions among them.
The independent variables were entered
into the regression model one by one de-
pending on their probabilistic significance
to the response variable. The obtained
models are as follows: 

IC= 57.39 +4.17*F1 –3*T1*S1
+2.5*S1 –2*Fit*Ang–1.167*Ax
–1.5*F1*Ax –0.92*T1*S1
–0.67*T2*Fit+0.5*S2
+0.33*T2*Ang +0.583*T1*S2
–0.25*T2*S1 + 0.03*T2*S2 (3)

IL= 8.139–4.417*Fit +2.0*Ax*Ang
+1.833*F2*Ax–1.000*T1*Fit
–0.833*Ang+1.167*F1*T2
+ 0.667*S1*Ang+1.667*T1*S1
+0.139*T2–0.500*Fit*Ax–0.667*S1
–0.250*T2*Fit–0.111*S2
–0.167*T1*Ang (4)

The standardized regression coeffi-
cients are listed in Tables 4 and 5. These
coefficients can be used to interpret the
significance of individual regressors. As
can be seen from these tables, the linear
effects of electrode force F1 and electrode
size S1 have the most significant influence
on the center of the current range IC .The
interaction between welding time and
electrode size T1*S1 and that between
poor fitup and angular misalignment
Fit*Ang also play an important role. In
case of the length of the current range IL,
poor fitup Fit shows the strongest influ-
ence, followed by the interactions between
the quadratic effect of electrode force and
axial misalignment F2*Ax and that be-
tween axial misalignment and angular
misalignment Ax*Ang.

Weld Button Size Analysis

A similar procedure was also per-
formed to develop an estimation model
for the weld button size. In addition to the
factors for the current range analysis, two
new variables, the linear and quadratic ef-
fects (I1 and I2) of the given welding cur-
rent, and their interactions with other
variables were added to the button size
analysis. Equation 5 shows the result of
the analysis. The coefficient of determina-
tion R2 is 0.944 and the standard error of
the estimation is 0.3014. Therefore, more
than 94.4% of the button size variance can
be explained by the model. 

Dia=6.214 –0.477*Fit 

+0.665*I1 +0.554*F1
–0.42*Fit*I1 –0.317*S1*Fit
–0.241*Ax –0.439*S1*Ax 
–0.185*T2 +0.276*F1*Ang
–0.082*I2+0.071*Fit*I2
+0.0963*Ax*Ang (5)

Standardized regression coefficients in
Table 6 show that poor fitup Fit, the linear
effect of welding current I1, the linear ef-
fect of electrode force F1, the interaction
effect between poor fitup and welding cur-
rent Fit*I1, and the interaction effect be-
tween electrode size and axial misalign-
ment S1*Ax are the dominant factors in
the button size estimation model.

Results and Discussion

Using the response models described
in Equations 3–5, the effects of various
welding parameters can be discussed
based on the predictions of the weld lobes
and the weld button diameters. Figure 2
shows the effects of electrode force and
size on the weld lobe under normal and
medium electrode size or force condi-
tions. In Fig. 2A, the black lines with rec-
tangular marks show the lobe curves when
the medium electrode force level (6.3 kN)
is used. It is seen that acceptable welds
can be made in a range between 48% and
65% of heat when the welding time is 8

cycles. Percentage heat is a measure of
the welding current. In this case, 50%
heat is corresponding to 21.2 kA. When
the electrode force becomes lower or
higher, the current ranges both become
narrower. In case of the low electrode
force of 5.1 kN (shown in light-gray lines
with triangles), the upper boundary of the
lobe shifts to the left, indicating early ex-
pulsions caused by insufficient electrode
force. The lower boundary also shifts
slightly to the left, showing an early
nugget formation due to the high initial
contact resistance caused by the low elec-
trode force. When the high electrode
force of 7.5 kN is used, a different type of
change of the lobe curves is observed as
shown in the dark-gray lines with dia-
monds in the figure. The lower boundary
is moved to the right, which indicates that
excessive electrode force can cause the
initial contact resistance to decrease due
to the early collapse of asperities on the
contact surfaces. The decreased contact
resistance requires a higher welding cur-
rent to produce enough heat in order to
form a nugget. However, it is interesting
to see that the upper boundary of the lobe
does not shift to the right as much. This
implies that using a higher electrode force
does not help increase the expulsion limit. 

The effects of electrode size are shown
in Fig. 2B. The lobe curve shifts are also

Table 2 — Experiment Matrix

Electrode Electrode Poor Axial Angular
Force Time Size fitup Misalignment Misalignment

(F) (T) (S) (Fit) (Ax) (Ang)

1 1 1 1 -1 -1 -1
2 1 1 2 -1 1 -1
3 1 1 3 -1 -1 1
4 1 2 3 1 -1 1
5 1 3 1 1 1 1
6 1 3 3 1 1 -1
7 2 1 1 1 1 -1
8 2 1 2 1 1 1
9 2 2 1 -1 -1 1
10 2 2 2 -1 -1 -1
11 2 2 3 -1 1 -1
12 2 3 1 1 -1 1
13 3 1 2 1 -1 1
14 3 2 2 1 1 -1
15 3 2 3 1 1 1
16 3 3 1 -1 1 -1
17 3 3 2 -1 -1 1
18 3 3 3 -1 -1 -1

Table 3 — Correlation Coefficients of Welding Current and Independent Variables

F1 F2 T1 T2 S1 S2 Fit Ax Ang
IC 0.594 0.234 0.297 -0.093 0.513 -0.187 -0.022 -0.176 0.132
IL 0.164 0.013 0.140 -0.027 -0.164 -0.067 -0.840 -0.305 -0.458
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observed when the electrode size varies.
When smaller electrodes are used, the
weld lobe shifts to the left (light-gray lines
with triangles), showing that less current is
needed to produce an acceptable weld.
This is because the current density
through the faying surface increases as the
electrode size decreases. On the other
hand, as larger electrodes are used (dark-
gray lines with diamonds), more current is
required to produce an acceptable weld.
In this case, the upper boundary does not
shift as much as the lower one. This means
that an excessive electrode size can cause
unwanted decrease in the length of the
current range. Although the small elec-
trode size yields a slightly wider weld lobe,
the current density will be much higher
when using smaller electrodes to make the
same sized welds. Using small electrodes
could accelerate the electrode wear, which
should always be avoided in production.  

Figure 3 shows the effects of the three
abnormal process conditions on the weld
lobes. The effects of the abnormal condi-
tions at the medium electrode force and
size are shown in Fig. 3A. As can be seen,
the widest acceptable current range is ob-
tained under the normal condition (black
lines with rectangles). In the case of poor
fitup condition (light-gray lines with trian-
gles), the lower boundary of the weld lobe
shifts to the right dramatically, while the
upper boundary remains more or less the
same as the normal condition. This has re-
sulted in a much narrower current range
and thus a less robust welding process.

When axial misalignment exists (mid-gray
lines with diamonds), expulsions occur
with less heat input. However, there is no
significant difference in the minimum
heat to obtain an acceptable weld. Angu-
lar misalignment causes a slight shift of the
lower boundary toward the right (dark-
gray lines with circles), indicating an in-
crease in the minimum current require-
ment. However, the upper boundary also
increases slightly. Figure 3B shows the ef-
fects of abnormal conditions at low elec-
trode force and small electrode size. In
general, the acceptable current ranges
tend to move toward the low current side
comparing to the case for medium elec-
trode force and size. Especially, the upper
boundaries are around 50–55% of heat,
suggesting that the current required to
produce an acceptable weld is much
smaller. Poor fitup and angular misalign-
ment makes the current ranges narrower.
There is almost no effect by the axial mis-
alignment. The case for high electrode
force and large electrode size is shown in
Fig. 3C. Overall, the lobe curves move to-
ward the high current side and the accept-
able current ranges become narrower, too.
Compared to the other abnormal condi-
tions, the axial misalignment requires less
current to form an acceptable weld. This is
because axial misalignment reduces the
effective contact area for current flow at
the faying surface, which in turn results in
increased current density and earlier
nugget formation.

The effects of the abnormal conditions

on the weld diameter are shown in Fig. 4.
The estimated weld diameters are plotted
against the measured ones for all the ab-
normal and normal process conditions. In
these plots, each experimental data point
including its replicates is represented with
a gray dot. The data points corresponding
to individual abnormal and normal condi-
tions are indicated using special marks, tri-
angles for poor fitup in Fig. 4A, squares
for axial misalignment in Fig. 4B, dia-
monds for angular misalignment in Fig.
4C, and circles for the normal condition in
Fig. 4D. By representing the experimental
data this way, the effects of abnormal con-
ditions can be visualized clearly with re-
spect to the overall data set. 

Figure 4A shows the effect of the poor
fitup condition. Comparing to the mea-
sured weld diameters across all the condi-
tions, poor fitup gives rise to smaller weld
nuggets. This may mean that the poor
fitup condition has the strongest detri-
mental effect on the weld size. The corre-
lation between the estimated and mea-
sured weld diameters does not follow a
good linear trend, which indicates that the
statistical model does not predict the weld
diameter well under the poor fitup condi-
tion. Figure 4B shows the effect of axial
misalignment. It is seen that large weld di-
ameters up to 8–9 mm can still be made
under this abnormal process condition.
The correlation between the measured
and estimated weld diameters is reason-
ably strong. Similarly, large welds can also
be made under the angular misalignment

Table 4 — Standardized Regression Coefficients for IC

F1 T1*S1 S1 Fit*Ang Ax F1*Ax T1*S1 T2*Fit S2 T2*Ang T1*S2 T2*S1 T2*S2

0.674 -0.396 0.405 -0.374 -0.231 -0.243 -0.121 -0.187 0.140 0.093 0.128 -0.055 0.011

Table 5 — Standardized Regression Coefficients for IL

Fit Ax*Ang F2*Ax T1*Fit Ang F1*T2 S1*Ang T1*S1 T2 Fit*Ax S1 T2*Fit S2 T1*Ang
-0.759 0.324 0.445 -0.140 -0.143 0.214 0.094 0.191 0.034 -0.081 -0.094 -0.061 -0.027 -0.023

Table 6 — Standardized Regression Coefficients for Weld Button Diameter

Fit I1 F1 Fit*I1 S1*Ax Ax S1*Fit T2 F1*Ang I2 Fit*I2 Ax*Ang
-0.430 0.489 0.407 -0.306 -0.323 -0.217 -0.234 -0.235 0.203 -0.104 0.090 0.082

Table 7 — Estimation Results in Terms of Correlation Coefficients and Standard Errors

Poor fitup Axial misalignment Angular misalignment Normal condition
R Er R Er R Er R Er

All data 0.552 0.499 0.731 0.581 0.774 0.605 0.870 0.555
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condition and the statistical model pre-
dicts the weld diameter fairly well, as
shown in Fig. 4C. Figure 4D shows the
weld diameters under the normal condi-
tion. The correlation between the mea-
sured and estimated seems to be the best
among all the process conditions. This re-
sult is expected since the variation caused
by the abnormal conditions is excluded.

The correlations between the esti-
mated and measured weld diameters and
the estimated errors for each of the
process conditions are presented in Table
7. The correlation coefficient is repre-
sented as R and standard error of the esti-
mation as Er. The correlation coefficients
agree with the observations from Fig. 4,
with the lowest for the poor fitup condi-
tion (0.552) and the highest for the normal
condition (0.870). The standard errors are
comparable among all the cases, which is
about 0.5–0.6 mm. 

Conclusions

The effects of various welding parame-
ters in aluminum resistance spot welding
were investigated using a systematic two-
stage, sliding-level design of experiment
approach. The following conclusions are
obtained from this study: 

1) From the statistical models, it is
shown that the linear effects of electrode
force and size have the most significant in-
fluence on the center of the current range.
The poor fitup condition and the interac-
tion between the quadratic effect of elec-
trode force and axial misalignment have
significant effects on the length of the cur-
rent range. 

2) When a medium electrode force is
applied, the acceptable current range is
the widest. Both lower and higher elec-
trode force will reduce the length of the
current range, which means a less robust
welding process. 

3) Among the abnormal process condi-
tions, the poor fitup condition has the
strongest detrimental effect on the quality
of aluminum resistance spot welding. It
causes small weld diameters and thus
weak joints. In addition, the effect of poor
fitup is hard to characterize using a statis-
tical model. 

4) In general, abnormal process condi-
tions cause narrower weld lobes. In order
to minimize the effects of these abnor-
malities, more heat input is recommended
within the limits of acceptable current
ranges to avoid expulsion. 
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