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ABSTRACT. This paper presents the
findings of process optimization of using
the short-cycle stud welding process to
weld 3⁄8-in. (9.5-mm) auto-feed studs on
vertically positioned 3⁄8-in. clean plates,
with design of experiment (DOE)
methodology in a 180-weld, two-level fac-
torial design. Results were measured pri-
marily by tensile strength, and showed that
the welds were stronger than the studs
during destructive tensile testing. Other
quality considerations such as undercut,
expulsion, flash ring formation, and the
stable process signals were also recorded
and used as acceptance criteria. 

It was found that cool, slow arc energy
delivery is the best method with optimum
results and process stability. It can be con-
cluded with a 99% confidence level that
good tensile value and a strong weld (rel-
ative to shank) can be achieved using op-
timum welding parameters (stud-negative
polarity, low lift height, cool and slow en-
ergy delivery). 

It was also found that undercut is min-
imized with lower arc energy; uniform
flash ring can be attained with stud-nega-
tive polarity and lower lift; spatter and
smut can be avoided with lower arc energy
and lower lift. In addition, pilot arc energy
was not a significant factor relative to
other factors in the ranges studied. Lastly,
both tri-mix and argon+CO2 gases can be
used for the application with similar
process tolerance.

The findings are based on lab conditions
to study carefully controlled process factors
while suppressing other “noise” factors. In
a production environment, there are many
factors that can affect the weld quality not
studied in this DOE, such as arc blow, gas
leak or blockage, stud feeding, handling
and positioning, chuck deterioration, weld
cable deterioration, part surface contami-
nation, etc. The introduction of these fac-
tors can result in new optimization of
process variables and conditions.

Background and Objective

To improve weld quality and produc-
tivity in a global economy, many fabrica-
tors have resorted to robotic automation
to manufacture switch gears, agricultural
equipment, construction equipment, and
transformer enclosures. For stud welding
this means to automate stud feed using
studs designed for a feeder, short-cycle
stud welding process, and a servo-electric
head held by a robot arm. 

Short-cycle welding is a special drawn-
arc stud welding process with a very short
weld time and without ferrule. The bene-
fit of ferrule-less welding is that it lends it-
self to automation, with automatic stud
feed, in high-volume automotive and in-
dustrial applications. A typical welding
setting for 9-mm studs is 800 A and 120
ms, but it is necessary to test the welds for
a specific application to reduce suscepti-
bility to porosity and brittleness (Ref. 1).
Short-cycle welding can be practiced with
or without gas shielding depending on the
suitability of the application.

Design of experiment (DOE) is used to
evaluate process variables in automotive
stud welding applications (Ref. 2). It was
found that stud geometry and stud polar-
ity play a large role in weld quality. In ad-
dition, the study found shear strength is a
better quality indicator than torsion
strength in automotive sheet metal stud
welding.

The short-cycle process replaces fer-
rules with shielding gas; however, this
process is usually limited by the stud di-
ameter, and in some cases, welding posi-
tions. In order to meet the return-on-in-

vestment requirement, the robot must
weld in both plate horizontal (flat) posi-
tion and plate vertical position (stud hori-
zontal) to justify the investment. Previous
studies in Nelson (Ref. 3) have shown that
up to 20% of the welds failed in the plate
vertical position with 3⁄8-in. (9.5-mm) Auto-
feed Threaded Carbon (ATC) steel studs.

The objective of this study was to em-
ploy design of experiment (DOE) method-
ology to optimize the welding process vari-
ables and to determine process viability in
the plate vertical position. 

Experiment and Experimental
Procedures

Experimental Design

The experiment was a two-level factor-
ial design in six variables: stud polarity, gas
type, weld current, weld time, lift distance,
and pilot arc energy (Table 1).

The Pilot Amp Second (amp*s) (factor
F) represents  pilot arc energy. The low
level of F is 1.6, from 0.04 s multiplied by
40 A. The high level of F, 10, is a product
of 0.1 s and 100 A. The shielding gas
(Ar+CO2) was a mixture of 90% argon
and 10% CO2 gas. The other gas chosen
was a tri-mix, at 90% helium, 7.5% argon,
and 2.5% CO2. Five replicates were cho-
sen with a total of 180 runs, among them
20 center points without blocking. The
input factors and their ranges were chosen
based on the previous two experiments
(Ref. 2) and general knowledge in short-
cycle welding of this particular type of
stud.

The output factors were undercut, ex-
pulsion, tensile strength, location of fail-
ure, and process monitor output from the
welding machine. The undercut had a rat-
ing from 1 to 3 (with 1 ≥  10%, 2 < 10%,
and 3 equaling 0%). The expulsion (in-
cluding spatter and smut) had a rating
from 1 to 3 (with 1 meaning excessive, 2
equaling some, and 3 being little or no).
The tensile was the ultimate strength in
lbf. Flash ring percent was a measure of
the completeness of flash metal at the base
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of the welded stud from 0–100% — Fig. 1.
Location of failure in the tensile test is
coded 0 for the weld and 1 for the shank.
The N3 welding machine monitored key
process variables, including actual weld
current, actual weld time, plunge distance,
lift distance, and weld voltage, with a
pass/fail window set at ±100 A in weld cur-
rent and ±5 ms in weld time. The weld
monitor signal (Process QA) response was
coded 0 for fail and 1 for pass.

Materials

The base metal was 3⁄8-in.- (9.5-mm-)
thick, AISI 1018 low-carbon steel (HR bar
stock), cut into 3 ×3-in. squares for one weld

per square. The squares were free from oil
contamination and surface coating.

The studs used were the 3⁄8-in.
(9.5-mm-) diameter ATC studs in AISI
1008 with copper flash plating, having a
conical-shaped weld base of 11 mm diam-
eter and a 7-deg taper.

Equipment

The welding machine used was Nel-
son’s N3 with 1800-A output capacity.
Feeder FSE100 was used to feed the stud
pneumatically and servoelectric weld
head KSE100 is positioned horizontally
toward the base metal — Fig. 1. KSE100
can be programmed to position the stud in

increments of 0.1 mm precisely during ap-
proach, lift, and plunge.

Figure 2B shows a copper plate and a
spring-loaded plunger that is aligned coax-
ially with the stud to pass the current di-
rectly to the ground cables behind the fix-
ture. This ensures the most reliable
grounding and that asymmetric ground
current flow is not a contributing noise
factor in the DOE. Part loading and un-
loading were done manually, and it was
clamped down with a C-clamp to the cop-
per backup support block and the plunger.
An ad hoc gas shielding cup with adequate
side vents was used to provide gas 
shielding.

Results and Discussion

Weld Quality Response Models

Table 2 summarizes the weld quality
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Table 1 — DOE Input Factors and Their Ranges

Factor Name Units Type Low Actual High Actual

A Polarity Categoric stud+ stud–
B Gas Type Categoric tri-mix Ar+Co2
C Weld Current amp Numeric 1000 1800
D Weld Time ms Numeric 60 100
E Lift mm Numeric 1.5 3.5
F Pilot Amp Sec amp*s Numeric 1.6 10

Table 2 — DOE Response Surface Models Expressed in Coded Input Factors

Weld Quality Statistical Model Probability > F

Undercut Undercut = 2.03–0.41*C–0.29*D <0.0001
Flash Ring % Sqrt(FlashRing) = 6.26+1.62 * A+0.98 * C+0.53 * D–0.84 * E <0.0001

–0.85 * A * C+0.90* A * E – 1.09 * C * D
Expulsion Expulsion = 1.90 – 0.51 *C–0.20 * D –0.19* E–0.16 * C *D <0.0001

Tensile Strength = 6670.57 – 417.24 * A+25.74 *B–96.89 *C
–145.48 *D +59.08 *A *B–194.16 *A *C –213.52 *A *D <0.0001

Tensile +394.43 * B *C +294.44 *B *D –449.79 *C *D
+372.52 *A *B *C +292.56 *A *B *D – 369.33 *A *C *D

Tensile Break Sqrt(FailureLocation) = 0.64 + 0.044 * C +0.019 *D–0.21 *C *D <0.0001
Location

Weld Monitor (Process QA + 0.01) ˆ1.86 = 0.89 + 0.032 * C+ 0.032* E – 0.13 * C * E <0.0001
Signal

Fig. 2 — Stud welding DOE test fixture showing
the following: A — KSE100 gun; B — grounding.

Fig. 1 — Examples of 3⁄8-in. ATC stud welded to 3⁄8-in. plate. A — Complete flash ring; B —
incomplete.
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DOE output response models in terms of
coded input factors listed in Table 1. All
input factors are coded as –1 to +1. 

The last column in Table 2, Probability
> F, is a statistical measurement of the
likelihood that the observed behavior
could have occurred purely as a result of
random error. The smaller the value of
Probability > F, the greater the signifi-
cance of the model. All models are chosen
to be as simple as possible without trans-
formation while being very significant and
passing all statistical diagnostic tests in-
cluding residuals and Box-Cox plot.

Subjective Weld Qualities

Undercut was influenced by weld cur-
rent and time as shown as a color contour
diagram in Fig. 3. A score of 3 in undercut
is the best performance associated with
“green” color or “go,” while a score of 1 is
the worst performance with “red” color or
“no go.” Lower arc energy inhibits under-
cut in the green lower-left corner. 

The flash ring completeness involves
four factors, with polarity as the dominant
factor as shown in Fig. 4. Stud-negative po-
larity and lower lift produce a fuller flash
ring. With stud negative, green bipolar-
distributed “go” regions of fuller flash ring
could be achieved either with the hot-and-
fast weld or the cool-and-slow weld settings
shown in two opposing green corners.

As shown in Fig. 5, lower arc energy re-
duces expulsion. Moreover, lower lift (Fig.
5A) has a larger green zone than the
higher lift (Fig. 5B). 

Weld quality
monitor (Process
QA pass/fail) model
in Fig. 6 indicates
that at low welding
current, high lift is
desirable, and at
high welding cur-
rent, lower lift is 
desirable.

Objective Weld
Qualities

The tensile
strength model was
the most complex,
with many 2 or 3
factor interactions
(see Fig. 7 and Table
2). The maximum
tensile strength was
7435 lbf (33.0 kN)
and minimum was
1268 lbf (5.6 kN). A total of 123 weldments
(68%) broke at the shank with tensile
strength ranging from 6923 to 7435 lbf
(30.8–33.0 kN). The remaining 57 weld-
ments broke at the weld with half of them
exceeding 6095 lbf (27.1 kN) tensile. In
other words, half of the weld broke at a high
tensile value, indistinguishable from the
shank break. Figure 7A is a tensile model
with argon+CO2 gas, while Fig. 7B is the
model with the tri-mix gas. It can be ob-
served that the low arc energy corner (cool
and fast) is red for the cooler argon+CO2
gas while the high arc energy corner (hot

and slow) is red for the hotter tri-mix gas.
Interestingly both lift (E) and pilot arc
amp*s (F) are not significant factors in de-
termining tensile strength.

Failure location, or the break location
when the weldment is subject to a tensile
test, is a strong function of arc energy. Fig-
ure 8 clearly shows the bipolar behavior of
failure location as a function of arc time and
current (stud negative, argon+CO2 gas,
2.0-mm lift, pilot amp*s 5.8). Strong welds
(stronger than the shank) can be achieved
with low current and long weld time (cool
and slow), or high current but short weld

Fig. 3 — Undercut as a function of weld current and time (green = no under-
cut, red = a lot of undercut).

Fig. 4 — Flash ring completeness as a function of weld current and time (green
= more than 70%, red = under 40%). A — Stud negative; B — stud positive.
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time (hot and fast). This
can be explained that a
certain amount of en-
ergy input (100–108
amp*s) yields good
welds, while too much
energy (hot and slow) or
too little (cool and fast)
do not.

When tensile value
(Fig. 7) and tensile
break location (Fig. 8)
are compared, it can be
observed that the break
location is a more de-
manding objective qual-
ity criteria with a less
liberal process parame-
ter range. If Figs. 7 and
8 are overlapped, it can
be observed that the
two green corners in
Fig. 8 happen to be
green in Fig. 7 also.
These two corners rep-
resent the hot-and-fast
and cool-and-slow set-
tings, respectively, re-

gardless of shielding gas. Furthermore, ten-
sile failure location (Fig. 8) is more restric-
tive than tensile strength (Fig. 7) in the se-
lection of green operating conditions. 

Operating Window Analysis

To assess the overall weld performance
taking all the responses into considera-
tion, an “operating window analysis”
method was used. This method establishes
acceptance criteria for each response and
maps out the green “go” region where all
the responses passed its respective crite-
ria, and “no go” red region where any re-
sponse fails its acceptance criteria. Two
objective weld quality criteria were chosen
somewhat arbitrarily below:
• Tensile Strength ≥ 6000 lbf (26.7 kN)
• Tensile Failure Location ≥ 0.5 (its square
root is > 0.707).

Figure 9 maps the green/red regions,
demarcated by tensile strength and tensile
break location. Each factor pass/fail line
carves out a pass/fail region in the map.
For example, the tensile strength pass/fail
curve goes across from the upper-left cor-
ner to the lower-right corner, with the area
under the curve higher than 6000 lbf (26.7
kN) (pass) and the area above fail. The
tensile failure location of 0.5 has two
curves, marking break location in the
upper-left corner and lower-right corner
higher than 0.5. Only when all factors pass
its respective acceptance criteria, the re-
gion shows green on the map. There are
two green “go” zones on the maps, the
hot-and-fast upper corner, and the cool-
and-slow lower corner. The change of gas

Fig. 5 — Expulsion as a function of weld current and time (green = little expulsion, red = lots of expulsion). A  — Low lift; B — high lift.

Table 3 — Relative Importance and Optimization Goal of Weld Quality Measures

Quality Optimization Goal Importance

Undercut Maximize +++
Flash Ring % Maximize +++

Expulsion Maximize +++
Tensile Strength Above 5000, maximize ++++
Tensile Break Location Maximize +++++
Weld Monitor Signal Maximize +++

Fig. 6 — Weld quality monitor pass/fail signal as a function of weld cur-
rent and lift distance.
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from tri-mix (Fig. 9A) to argon+CO2 (Fig.
9B) moves up the tensile strength accep-
tance curve in the map.

When additional subject factors are
considered as follows with somewhat arbi-
trary pass/fail criteria, the maps are busier
(Fig. 10):
• Undercut ≥ 2.0
• Flash ring completeness > 75%
• Expulsion ≥ 2.0
• Weld Monitor Signal ≥ 0.85

It can be observed in Fig. 10 that the
green “go” zone is obtained only with the
“cool and slow” arc energy delivery
method. The upper-left corner (hot and
fast) of the green zone in Fig. 9 is disqual-
ified. The combinational demands of un-
dercut and flash ring completeness pre-
clude the hot-and-fast weld procedure as
a viable option. 

Desirability Analysis

The desirability method of searching
for stable, good welding parameters is in-
troduced here.

While the operating window uses
pass/fail for weld quality criteria selection
to find common pass regions, another
method of searching for good welding pa-
rameters is the desirability analysis. The
relative importance given to each quality
and the optimization goal of each quality
measure is given in Table 3. The least im-
portant quality is given one plus, and the
most important quality is given five pluses.
The importance gives the relative contri-
bution of each quality measure to the “de-
sirability” function, and the optimization
goal relates each quality to desirability lin-

early. For example,
0 tensile desirabil-
ity is assigned to
tensile values of
5000 lbf (22.2 kN)
and below, 1 ten-
sile desirability is
assigned to 7435
lbf (33.0 kN), and
the tensile desir-
ability in between
the two tensile val-
ues is linearly in-
terpolated. The
contribution of
tensile strength to
overall desirability
is four pluses.
Since the tensile
break location is
the most objective
criteria, it is given
five pluses in im-
portance, followed
by tensile strength
with four pluses.
The normalized
result of desirabil-
ity (from 0 to 1
scale, and 1 as the
most desirable) as
a function of input
factors is shown in Fig. 11.

It can be observed in Fig. 11 that the
greatest desirability (> 0.76) with both
gases can be found in the cool-and-slow
procedure. Also, good desirability 
(> 0.715) can be found in the hourglass-
shaped zone from the left-upper corner to
the right bottom, sandwiched by the two
0.715 curves. The hourglass zone corre-

sponds to a certain level of arc energy that
yields good overall quality desirability.
Furthermore, the larger red zone in the
tri-mix chart (Fig. 11A) suggests the hot
tri-mix gas has less tolerance with hot-and-
slow excessive arc energy. The presence of
the red zone in the argon+CO2 chart (Fig.
11B) suggests that the cooler gas has less
tolerance with cool-and-fast insufficient
arc energy.

Fig. 7 — Tensile strength as a function of weld current and weld time. A — With Ar+CO2 gas; B — with tri-mix.

A B

Fig. 8 — Tensile break location as a function of weld current and weld time (1
at shank, 0 at weld).
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Fig. 9 — Operating window using objective quality measures only (tensile strength and break location). A — Tri-mix gas; B — argon+CO2 gas.

Fig. 10 — Operating window with all quality measures considered. A — 2-mm lift; B — 3.5-mm lift.
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Table 4 — Weld Performance Statistics of Optimum Settings

Weld Quality Prediction SE Mean 99% CI 99% CI SE 99% PI 99% PI
low high Pred low high

Undercut 2.200 0.092 1.910 2.390 0.690 0.350 3.950
Flash Ring % 88.9 0.2 66.3 114.9 5.3 11.8 237.8

Expulsion 2.200 0.080 1.980 2.400 0.460 0.980 3.400
Tensile Strength 6909 209 6364 7455 749 4957 8862
Tensile Break Loc 0.681 0.004 0.436 0.980 0.176 0.068 3.648
Weld Monitor Signal 0.990 0.194 0.912 1.063 0.523 0.411 1.362
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Weld Quality Prediction Using Optimum
Process Parameters in Production

The statistical behavior of weld quality
metrics for a hypothetical production run
with a selected weld setting can be predicted
from the response surface models. Table 4
exhibits the predicted weld quality metrics
with a cool-and-slow point picked in the
green operating windows in Figs. 10 and
11: stud negative, argon+CO2 gas, 1000-A
current, 100-ms arc time, 3.5-mm lift, and
1.6 pilot amp*s. SE is standard error, CI is
confidence interval of average, and PI is
prediction interval, which is larger than CI
from more scatter in individual values
than in averages of the replicates. In other
words, CI is based on average, and PI is
based on worst case.

It can be observed in Table 4 that we
have 99% confidence level of a tensile
value between 6364 and 7455 lbf (28.3 and
33.2 kN), with little or no expulsion or un-
dercut, and 70–96% flash ring complete-
ness, using the average confidence inter-
val (CI). Using the worst case scenario
using individual replicate data (PI), one
can predict with 99% confidence that a
weld strength > 4957 lbf (22.0 kN) can be
achieved along with unpredictable results

in undercut, flash ring
formation, expulsion,
tensile break location
during tensile and ac-
tual welding signals. It
should be pointed out
that a tensile break lo-
cation under 99% PI
low is 0.068 or breaks
at the shank.

Weld Verification
Tests

Weld verification
tests were performed
with both argon+CO2
gas and a tri-mix gas.
For argon+CO2 gas,
the setting includes
stud negative, 1800 A,
60 ms, 2.2-mm lift,
and 40-A/40-ms pilot
arc. For the tri-mix
gas, the setting includes stud negative,
1000 A, 90 ms, 2.2-mm lift, and 40-A/40-
ms pilot arc. Thirty-five welds were made
using each gas. All welds passed the weld
monitor and all weldments broke at the
shank when subjected to tensile testing

— Fig. 12. The statistics of other qualities
are shown in Table 5.

Conclusions

A designed experiment was conducted
to short-cycle weld a 3⁄8-in.-diameter ATC
stud to a vertically positioned, clean, low-
carbon steel plate of 3⁄8-in. thickness. The
DOE is a two-level factorial design with
two catagoric factors (output polarity,
shielding gas) and four numeric factors
(arc current, arc time, lift distance, and
pilot arc energy) with a total of 180 welds.
The following was found:

Fig. 11 — Desirability as a function of weld time and current. A — Tri-mix gas; B — argon+CO2 gas.

Fig. 12 — Weld samples prior to tensile testing.

Table 5 — Performance Statistics of Weld Verification Tests

Gas Undercut Flash Ring Expulsion Tensile Strength

Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev.
Ar/CO2 2.24 0.70 88.5 12.8 2.06 0.24 7238 147
Tri-Mix 2.86 0.42 98.3 6.8 2.00 0.00 7297 124

A B
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1. Cool and slow arc energy delivery re-
sulted in the best outcome of observed
weld performance metrics, including high
tensile, weld stronger than stud shank, low
undercut and expulsion, complete flash
ring, and stable process signals. 

2. Using argon+CO2 gas, stud-nega-
tive polarity, 1000-A arc current, 100-ms
arc time, 3.5-mm lift, and 1.6 pilot amp*s,
it can be predicted with 99% confidence
that the tensile value exceeds 4957 lbf
(22.0 kN). 

3. With optimum parameters, in a
worst-case scenario, one cannot predict if

the weld is stronger than the shank in a
tensile test, nor if appearance and expul-
sion are satisfactory.

4. Lower arc energy from low weld cur-
rent and/or weld time reduces undercut.

5. Stud-negative polarity and lower lift
form a more uniform flash ring.

6. Lower arc energy and lower lift re-
duce expulsion.

7. Pilot arc energy is not a significant
factor relative to other factors studied in
the ranges studied.

8. Both tri-mix and argon+CO2 can
be used for the application with similar

process tolerance. Avoid high arc energy
with tri-mix and avoid low arc energy
with argon+CO2.
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