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ABSTRACT

Resistance spot welding is the primary welding process used in automotive body panel assembly.
However, plug welding is widely used in automotive body repair due to its technical simplicity and
cost benefits. In this paper, spot welding and plug welding using Tungsten Inert Gas (TIG) welding of
an automotive body panel are compared. TIG welding is selected for plug welding because it offers the
greatest flexibility to weld the widest range of materials, thicknesses, and types. The base material used
in this study is JIS G3141 SPCC. Full factorial experimental design coupled with statistical and
graphical analysis of the results using analysis of variance was applied to determine the significance of
process parameters. Parameter interactions were investigated using regression analysis, model
adequacy checks, and determination of optimum conditions. A genetic algorithm is used to predict the
optimum combination of the process parameters to realize the highest strength level. For tensile-shear
strength, the experimental results demonstrate that plug welding has a higher maximum load than spot
welding. The optimum plug welding joints were obtained at a hole diameter of 9 mm and a welding
current of 136 kA, with a maximum load of 8.2 kN. The maximum load of the spot weld joint, 7.4 kN,
was found at a welding current of 70 kA, an electrode force of 0.25 MPa, and 10 cycles of welding
time.

doi: 10.5829/ije.2020.33.11b.29

1. INTRODUCTION

an expert’s skill and cannot be accessed quantitatively
and objectively [1].

Joining is a pivotal characteristic in automobile design.
Generally, joints represent the weakest areas in an
automobile’s structure and often represent the initiation
location for failures in service. Strength of the joints
often determines the reliability and quality of a
manufactured product. The development and application
of new materials, compounded with welding
optimization and structural optimization design, has
allowed automobile body manufacturing technology to
secure sufficient rigidity and safety performance.
Nonetheless, in cases in where damage is caused by
collisions, body damage restoration technology sees
itself exceeded by the manufacturer’s body
manufacturing technology. The efficiency of body
damage restoration technology is highly dependent on
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We can distinguish between the following processes
in body repair work: (1) damage analysis and diagnosis,
(2) measurement and correction of the vehicle system,
(3) panel replacement and correction, (4) painting and
rust prevention, and (5) technical analysis. Appropriate
equipment is used in all processes. Body repair work
highly relies on the method and type of welding. In
order to guarantee the safety of a vehicle in operation,
an optimized repair technique should take into
consideration both welding and structural characteristics
[2].

Spot welding is viable for short-time welds. Spot
welding allows a smal area to be heated, making heat
deformation a negligible part of the process. Moreover,
reproducibility of the weld’s quality is excellent.
Nonetheless, the welded material and its thickness must
be taken into consideration. In order to join metals
together , it is important to apply pressure at both sides
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of the joint, thus causing localized heating at the
interface [3]. The safety design and durability of a
vehicle are significantly affected by the failure
performance and characteristics of spot welds. Even
though spot welding is not extensively used, plug
welding is commonly used as well. Plug welding uses a
weld metal to fill a hole in the middle of a panel. The
first step is to make a round hole in the outer sheet.
Next, the hole is filled with a weld metal and panels are
joined using arc spot welding, also called argon gas (Ar)
welding. With plug welding, joining through one side of
the panel becomes possible, thus making the usable
range wider than the one achieved through spot welding
[4]. Nonetheless, both spot and plug welding can be
done regardless of the workpiece’s position. While the
load caused by a motor vehicle accident damages the
vehicle body panel, weld seam damages are often
generated by the action of shear loading.

2. LITERATURE REVIEW

RSW (Resistance spot welding) is the dominant process
used to join thin sheet steel metal components by fusing
discrete spots at the interface of a workpiece utilized for
low-carbon steel body construction in crash repair and
automotive production. A reliable, cost-effective, rapid,
and automated process, RSW does not require
noticeable operator skills. Nonetheless, RSW has a
major flaw, i.e., inconsistency of quality from weld to
weld. The complexity generated by numerous sources of
variability increases production costs, complicates
automation, and reduces weld quality [5]. Consequently,
the parameters that affect weld quality must be
determined and controlled.

When using RSW, electric current passes through
two electrodes. Sheets are locally joined by their liquid
phases produced due to Joule heating (1°R), a process
that generates melting and the production of a nugget.
During the welding operation, the sheets are held
together by the pressure from the electrode tips, creating
fusion bonding at the atomic level between the
materials. The joint forms when the fusion-bonded
liquid phase cools under pressure. A typical fusion weld
consists of the heat-affected zone and the fusion zone.
RSW involves various parameters that can influence the
mechanical performance and weldability of weldments.
The weld nugget and the nugget’s strength are
controlled by weld parameters that significantly affect
the weld quality. These parameters include electrode
force, weld current, and welding time [6]. The Precision
Metalforming Association provides not only valuable
information about these dimensions but also
straightforward guidance on the material types for spot
welds. The nugget is also influenced by the electron tip
design and the surface conditions set between the
sheets. The diameter of the weld nugget is usually less

than the diameter of the impressions electrodes create
on the material. Nonetheless, standards vary in regard to
the range of parameters that are usually applied for
specific materials. When a new RSW process is set up,
it is necessary to set optimum parameters using a
standard as a guideline. It is also necessary to verify the
weld quality by destructive testing. The strength of a
single spot-welded lap joint depends on properties of the
base material and welding parameters. These factors
influence the welds’ mechanical behavior [7-9].

If certain conditions are met, using plug welds can
be more advantageous than other types of welds [10].
The use of plug-welded joints is very popular in steel
structures. An alternative to spot welding, plug welding
is used by vehicle manufacturers if there is not
sufficient access for a spot welder (i.e. double-sheeting
structures, constructions with a profile stiffener, and
complex structures). When plug welding is used, the
connection is produced by the weld in the contact
surface of adjoining parts and on the walls of circular
openings. If done properly, plug welds can be stronger
than the initial spot welds. In DIY (do it yourself) car
restoration, plug welding is used instead of spot
welding. It is usually done on panel flanges that have
been initially spot-welded. This weld type is notably
suitable in difficult maintenance conditions of welded
constructions. Usually, plug welds are applied at the
centre of doubler plates for lap joints. One of the
doubler plates has round holes. Typically, welds start
around the perimeter of the hole and spiral to the centre,
using either another member behind the hole or backing.
This type of welds avoids the buckling of lapped parts
and transfers load by shear. In this type of welding,
uniform fusion to the roots of the joints is required. To
form the joint, weld metal is placed in the holes,
penetrating and fusing with the base metal of the
members. In order for the adjacent weld to easily melt
the slag, the weld must be done quickly. Nonetheless,
slag inclusions are commonplace. Weld shrinkage
during cooling and solidification is one of the biggest
problems with plug welds. This shrinkage produces
significant residual stresses at the centre of the plug,
which solidifies last. This causes micro-cracks in the
original weld, alongside near-yield point residual
stresses that could trigger cracking as a consequence of
the applied stresses on the structure. The applied
stresses are considerably less than the anticipated
fatigue limit.

Rolls-Royce Motors? highly recommends the use of
RSW, TIG welding, and metal inert gas (MIG) in the
replacement of underframe and body panels. In MIG
welding, a reel of filler wire is fed continuously by
means of a welding torch under a shield of inert gas.

2 http://heritage.bentleymotors.com/en/technical-
library/download/TSD4600.pdf. Accessed 19 October 2019
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The weld is protected from the atmosphere by the gas
that surrounds the weld pool and the arc. When used for
body repair work, MIG welding provides an important
advantage: it generates a limited heated weld area. As a
consequence, the distortion and contraction stresses are
minimal. MIG welding equipment is suitable for
intermittent, continuous, and plug welds. In order to
achieve an adequate weld, it is necessary to clean to
bare metal the areas of the panels that need to be
welded. Additionally, any trace of sealing materials,
grease, or paint needs to be removed. In the case of TIG
welding, a tungsten electrode is attached to the welding
torch. The torch supplies the inert gas to the weld area,
while the filler wire is fed manually. The weld is
protected from the atmosphere by the gas that surrounds
the weld pool and the arc. Among all the welding
processes, TIG welding is the most flexible. It produces
the best-penetrating and cleanest welds, can be used on
any type of material, and enables more control over the
way the weld lays down. In the case of stick welding or
MIG welding, the filler material functions as the
electrode, i.e., it continuously feeds filler material inside
the puddle. As opposed to other welding processes, the
use of TIG welding allows welders to slow down, use
filler, and work the puddle until they achieve the size
and the look of weld they need. Apart from controlling
the amount of added filler, welders can also control how
much heat is put into the workpiece. This could turn
into a significant advantage in those situations in which
welders need to bridge a large gap and must add a
considerable amount of filler material. In this context,
the weld moves along gradually and begins to overheat.
This allows welders to back off the pedal while still
maintaining the arc and gas coverage, cool down the
puddle, and continue welding. As a result, TIG welding
is particularly suitable for filling holes, doing build-ups,
and plug welding. Additionally, TIG welds are usually
softer than stick welds or MIG welds. It can be
concluded that TIG welds can be hammered, ground,
and formed more easily. If a welder is working with
sheet metal and needs to hammer around a welded area,
this area is significantly less likely to crack. Since the
weld nugget is more malleable, it easier to manage. TIG
welding is preferable because it grants increased control
over the weld and the possibility to input less heat.
Many experiments frequently use TIG welding process
parameters such as welding speed, welding current, and
filler diameter [11-14].

The plug welding schedule was provided by
previous studies [15] and the American Welding
Society [16]. According to AASHTO/AWS
D1.5M/D1.5: 2002, the plug weld hole diameter must
be 8 + t (mm) to achieve weld quality, where t
represents thickness of the joined plate (mm). Finding
valuable weld schedules for equal-thickness welding is
extremely useful. Plug weld quality is significantly

affected by important factors such as the area of weld
penetration, depth, and strength [17]. Nonetheless, the
studies that have focused on plug welding are not
abundant [2, 10, 18, 19]. In order to establish plug
weld quality, the welds must be loaded in shear
while the parts undergo tension loading. In
particular cases, the welds can be loaded in tension,
with the direction of loading being normal to the
joint’s plane, or a combination of shear and tension
[20].

Strength testing plays an important role within a
weldability study and represents an evaluation method
as regards automobile body assembly. Among all the
tests used to establish weld strength, static tensile-shear
testing is by far the most frequent laboratory test. This
happens because of its simplicity in specimen testing
and fabrication [21]. The tensile-shear testing of a single
lap joint workpiece distinguishes from standard
homogeneous material testing. According to Zhang and
Senkara [3], the results of the tensile test of the weld
specimens are not shown in terms of tensile strength
(MPa) but as tensile load at break (kN). It was found
that specimen width is the most important factor that
influences tensile-shear testing. It suffices with an
overlap equal to the specimen width [21]. Even though
the specimen length plays a less important role, the
specimen must be long enough to enable clamping
during testing. It was determined that a length of 150
mm is sufficient for all feasible widths [21]. Generally,
in the steel and automotive industries, the diameter of a
minimum acceptable nugget should range between 4t1/2
and 5t1/2, where t represents the nominal thickness of
the sheet in mm [1].

More than often, the experimental optimization of a
welding process proves to be a time-consuming and
costly task. To solve this problem, the response
optimizer method is widely used to determine the group
of input variable settings that mutually optimize a set of
responses. A full factorial design can trigger optimum
process parameters without the need to derive a model
for the welding process. Nonetheless, the increase in the
number of input parameters leads to an exponential
increase in the number of experiments, thus causing the
full factorial method to become unrealistic [22]. Recent
studies have attempted to address these problems by
bringing forth a new approach to experimental
optimization [22-24].

The aim of this study is to highlight the importance
of the employed welding methods in restoring a
damaged vehicle body. Research led into automobile
body panel welding focuses chiefly on spot welding and
its application in the production process. Plug welding
is consistently used to repair damaged automobile body
panels. Consequently, this study investigates the degree
to which weld quality is influenced by welding
parameters on weld quality.
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3. METHODOLOGY

3. 1. Experimental Setup Generally, automobile
parts use steel sheets of 0.6-2.0 mm thick. The present
study focuses on the tensile test of a 1.2 mm thick steel
sheet using JIS G3141 SPCC as a base material. JIS
G3141 SPCC is a commercial cold-rolled low-carbon
steel. SPCC steel is characterized by high weldability
and formability. This type of steel is widely used in
general applications, frequently in vehicle structures and
panels, and significantly in the production of automobile
parts (e.g. hoods, roofs, fenders, quarter panels, spring
housings, oil pans). See Tables 1 and 2 for the chemical
composition of the base material and its mechanical
properties.

Test sheets (30 mm wide, 100 mm long) were
prepared to comply with the JIS Z3136-1999 standard.
Two sheets, with lap joints at the center of the sheets,
were stacked and fabricated. As shown in Figure 1, the
overall length of the joint part measured 170 mm and
the overlap length was 30 mm. in order to determine
their failure mode and strength, the welded joints
underwent static tensile-shear tests.

3. 2. Spot Weld Procedure Spot welding was
done using a  TATASU spot  welding
machine(TOASEIKI SLP-50A5) and a truncated copper
electrode with a face diameter of 6.5 mm. The welds
were done at room temperature, in open air. Prior to
welding, the surfaces of the steel sheets have been

TABLE 1. Chemical composition of JIS G3141 SPCC

C Mn P S

0.04 0.20 0.015 0.006

TABLE 2. Mechanical properties of JIS G3141 SPCC

0.2YS (MPa) UTS (MPa) Elongation (%)
164 316 46
|_ 170
{1

Figure 1. Dimensions of tensile test specimens (mm)

cleaned to remove dust, oxides, and grease. This was
done to facilitate consistent spot weld quality.

3. 2. 1. Factorial Designs A brainstorming session
with personnel from maintenance, quality, design, shop
floor, and production was run to identify the process
parameters. See Table 3 for the used parameters and
their levels.

Therefore, in compliance with the design-of-
experiments approach according to which the number of
experiments is determined by a full factorial design,
various “n = 3” parameters generated eight experiments
structured into two levels. To enhance the reliability of
the results, we made three replicates that resulted in 24
experiments. The process involved varying the welding
time between 8 and 10 cycles, the electrode force
between 0.20 and 0.25 Mpa, and the welding current
between 70 and 75 kA. For static tensile-shear strength
testing, both control factors (i.e. the hold time and the
squeeze time) were kept constant at 20 cycles. Figure 2
shows the spot weld specimens of weld-bonded joints
before the tensile-shear test.

3. 3. Plug Weld Procedure Prior to welding, the
plug-welded joints had to be centered on a 30 mm
overlap region. To facilitate TIG plug welding, the outer
sheet in all specimens was drilled to obtain round holes.
The sheet was afterwards clamped to the back sheet.
Binder filling into the hole was used to form the joint.
Two low-carbon steel sheets (1.2 mm thick, JIS G3141
SPCC) were plug-welded employing a Panasonic TIG
welding machine with argon gas (TIG MINI 150). Due
to its extensive industrial application, ER70S-6 filler
metal was selected. In compliance with the AWS
Specification for Carbon Steel Electrodes and Rods for
Gas Shielded Arc Welding (A5.18-2005), ER70S-6 is
utilized with thin to medium plate joints. Table 4 lists
the standard mechanical properties of the weld metal in
the as-welded condition and the standard chemical
composition of the solid wire in accordance with AWS
requirements.

3. 3. 1. Factorial Designs A brainstorming
session with personnel from maintenance, quality,
design, shop floor, and production was run to identify
the process parameters. The aim of the experiment was
to determine the key factors and their possible
interactions that affect maximum load. Studying each

TABLE 3. Control factors and their levels used in spot weld

Symbol Factor (unit) Level 1 Level 2
A Welding Current (kA) 70 75
B Electrode Force (Mpa) 0.2 0.25
C Welding Time (cycle) 8 10
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Figure 2. Prepared spot weld spécimens before tensile-shear test

parameter involved three levels of control: high,
medium, and low. In order to obtain a precise
assessment of experimental error (or error variance),
each trial condition was repeated three times.

The 32 full factorial designs with 3 replications were
constituted by twenty-seven weld experiments. The hole
diameter varied in a 7-9 mm range and weld current
varied in a 100-140 kA range (see Table 5). The
diameter of the welding wire and the gas flow rate were
kept constant at 1.2 mm and 6 I/s, respectively, during
all static tensile-shear strength tests. Figure 3 shows the
plug weld specimens of weld-bonded joints prior to
tensile-shear test.

3. 4. Tensile-shear Test As Figure 4 shows, in
the tensile-shear test, specimens were clamped to a 50
kN Instron universal test machine (Model 5569). The
crosshead velocity of 30 mm/min was kept constant,
until the final failure of the joint. Maximum load is the
most monitored variable in tensile-shear testing [21].
The specimens’ failure modes were determined by
analyzing the fractured samples.

TABLE 4. Typical chemical and mechanical properties of
ER70S-6 in accordance with AWS requirements

C% 0.06-0.15
Si% 0.80-1.15
Mn% 1.40-1.85
P% 0.025 max.
S% 0.035 max.
Cu% 0.50 max.
0.2%0S (MPa) 400 min.
TS (MPa) 480 min.
El (%) 22 min.
IV (J) 27 min.

TABLE 5. Plug welding control factors and levels

Symbol Factor (unit) Level 1  Level 2 Level 3
X Hole Diameter (mm) 7 8 9
Y Welding Current (kA) 100 120 140
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3. 5. Regression Analysis A regression model
corresponding to the subsequent second-order response
function was used to perform a multiple regression
analysis [25]:

V=Bt LBXA DX+ 2D % e &)

j<i
where By B B and p, are the coefficients of

interaction, quadratic, linear, and intercept variables
respectively; Yy is the response or the dependent

variable; x; and X; are the independent variables in

the coded unit; and & is the error term that justifies the
effects of excluded parameters. The following equation
was used for coding [25]:

_ X _(Xhigh + Xlow)/2

(Xhigh_xlow)/z
where X is the natural variable, X, and Xpgn &r€ the
low and high values of the natural variables, and X is
the coded variable. During the analysis, the coefficients
that triggered Equation (1) to fit better a set of
recollected response variable data acquired from the
optimization experiments were established using
regression analysis in Minitab. This, effectively
generated a regression model that describes the
statistical relationship between the response variable
and the predictors, and eliminating those predictors

@
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whose statistical relationship with the response variables
is not significant. Nonetheless, since the unimportant
factor is part of a higher-order term, it was also
included.

The model adequacy assessment aims at determining
the extent to which all the test data and models agree.
The model adequacy was analyzed using a standard
probability plot of standardized residuals. Additionally,
the global fit of the model was tested through the
evaluation of the coefficient of determination (R?).

3. 6. Optimum Welding Parameters The
Minitab optimization feature was employed to establish
the optimum welding parameters. Despite the
investigations and analyses that were conducted on the
response  optimizer, estimating the  optimized
combination of process parameters that allows for the
highest possible strength level of the weld strength can
be a demanding task. The present study has adopted a
GA approach to achieve the optimum combination of
process parameters under specific constraints and obtain
the highest strength level. GA-based optimization is
structured as follows.

Step 1. Create an initial chromosome population
arbitrarily.

Step 2: Decode all the chromosomes’ genes. For plug
welding: (1) welding current, (2) hole diameter. For spot
welding: (1) welding time, (2) electrode force, and (3)
welding current.

Step 3: Use regression models to determine the weld
strength’s predicted value.

Step 4: Establish the fitness of all chromosomes;
achieve the maximum (fitmax).

Step 5: Conduct the following genetic operations if fit
max < required fitness (fit required):

(a) Selection based upon the expected number control
method,

(b) Crossover,

(c) Mutation, to create a new chromosome population.
Then go to step 2. Otherwise, stop.

Maximizing the weld strength was the objective
function. Consequently, the reciprocal of the objective
functions was employed as the fitness functions. The
potential solutions for an optimization problem are
represented by the initial population (individual). Table
6 shows the GA parameters that were used to optimize
the parameters of the welding process.

In the present study, the GA is set using the GA
toolbox and it is optimized through the MATLAB
programming fitness function. GA variables are
identified, and the lower and upper bounds of the
variables are the following.

As shown below, the spot weld process window for
every variable was employed as the boundary
constraints.

TABLE 6. Parameters for GA computations

Population size 50

Number of generations allowed 1%
Type of mutation Adaptive feasible
Crossover rate 80%

Type of crossover Scattered

Type of selection Roulette wheel

70 < welding current < 75 3
0.20 < electrode force < 0.25 4)
8 < welding time < 10 (5)

As shown below, the plug weld process window for
every variable was employed as the boundary
constraints.

7 < hole diameter < 9 (6)

100 < welding current < 140 (M

4. RESULTS AND DISCUSSION

4. 1. Spot Weld Procedure

4. 1. 1. Factorial Design of Welding Parameters
Table 7 shows the uncoded design matrix with the
corresponding real factor settings and the respective
maximum load for the spot weld experiment. In order to
create adequate degrees of freedom for the error term,
every trial condition was recreated three times. To
minimize the effect of undesirable external influences

TABLE 7. Spot weld experimental layout with response
values

Maximum load (N)

Run/Trial A B C
1 2 3

1 70 0.2 8 6,383 6,511 6,411
2 75 0.2 8 6,958 6,621 6,701
3 70 0.25 8 7,064 7,046 7,107
4 75 0.25 8 7,099 7,213 7,250
5 70 0.2 10 6,894 6,699 6,701
6 75 0.2 10 6,570 6,438 6,536
7 70 0.25 10 7,418 7,379 7,456
8 75 0.25 10 7,355 7,500 7,190
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Figure 5. Load vs. extension curves of the spot weld joint

70 kA, 0.20 MPa, 8 cycles

75 kA, 0.20 MPa, 8 cycles

70 kA, 0.25 MPa, 8 cycles 75 kA, 0.25 MPa, 8 cycles

70 kA, 0.20 MPa, 10 cycles 75 kA, 0.20 -Pa, 10 cycles

75 kA, 0.25 MPa, 10 cycles 70 kA, 0.25 MPa, 10‘cycles

Figure 6. Failure mode of spot-welded samples

and lurking variables induced into the experiment, a
randomization strategy was used. The use of the
Minitab software allowed to determine which effects
influence process variability the most.

Figures 5 and 6, respectively, show the load vs.
extension curves and the failure mode of the spot weld

joint that were generated in the experiments. In the lap-
shear test, as shown in Figure 5, the load vs. extension
curve illustrates a nonlinear region before the maximum
load is reached. Initially, the welded joint is pulled
parallel to the force direction. The nugget rotates in
order to align with the applied force direction. As the
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load increases, localized necking of the sheet metal
occurs at locations near the boundary of the base metal
and the nugget. Once the maximum load is reached, the
load begins to drop when the crack initiates and
gradually decreases as the base metal tears around the
weld nugget. Figure 6 displays the gradual changing
trend in the growing order of the maximum loads.
Higher forces and shorter times should be used
conjointly. Higher welding current is necessary at
shorter welding times. The necessary current depends
on the size of the used electrode tip, the other
parameters set, and the material type. If the current is
low, the strength of the weld joint will be insufficient
due to the brittleness of the created nugget. Since the
welding current was continuously increased, the nugget
diameter reached a maximum increase initially and then
decreased progressively due to excessive splashing and
melting. An adequate welding time setting would
provide a good welding contact without generating burn
marks on the workpiece surface and significant
deformation. The transformation was complemented by
a hardness decrease in the heat-affected zones of the
welds and the nugget. As far as the welding force setup
is concerned, improper welding force can cause a weak
connection between the welding surfaces, thus
generating metal splash and poor weld results. The
higher the welding force of the electrode is, the greater
the deformation on the workpieces will be. Due to this
transformation, the current flows along different paths
instead of a small spot generating a wide array of
temperature distributions in the workpieces.

Regarding the failure modes, as presented in the ISO
standards [26], in weld quality testing, all specimens
coincide with the tearing of the base metal because the
quantitative measurement of weld strength is attainable.
Additionally, failure modes show if the size of the
specimen is appropriate [21].

4. 1. 2. Regression Model Regression analysis
sees the effect of a factor defined as the change in
response caused by a change in the factor’s level. Since
it refers to the main factors of interest in the experiment,
it is commonly called a main effect. Equation (8) gives
the mathematical model for factorial design 23, where N
represents the mean of the maximum load, while A, B,
and C indicate welding current, electrode force, welding
time, respectively. Since the experimental results model
ensures a good correlation (R? = 92.61%), all the
coefficients for the subsequent mathematical model
were evaluated in the coded format. If the statistical
model (R? (adj) = 90.55%) is adjusted, these values
denote the percentage of data detected in the response
and that can be explained by the mathematical model.

N =-17536+347.8A—6247B +2352C

-37.97A*C +2111B*C ®)

4. 1. 3. Model Adequacy Checking Figure 7
shows the ANOVA for the complete 22 factorial designs
with three replicates. The obtained data shows that the
main effects of welding time and electrode force are
relevant for the maximum load. However, the welding
current is not relevant, as it displays values over the
significance level of (5%). The relationship between
electrode  force*welding time and  welding
current*welding time are relevant as the p-value is
inferior to the significance level used at the 5%
probability level (p < 0.05).

The analysis of a 2 factorial design presumes that
the observations are assigned normally and
independently. Producing a normal probability plot of
residuals is the most appropriate way to verify the
normality assumption. As shown in Figure 8, the
residual plot for the maximum load response is
characterized as a significant procedure to guarantee
that the developed mathematical models continually
illustrate the responses of interest.

Factorial Regression: Max Load (N) versus Welding Current, Electrode Force , Welding Time
Backward Elimination of Terms

o to remove = 0.05

Analysis of Variance

Source DI
Model

F  2dj S5 Adj MS F-Value E-Value
5 2860203 572058 45.09  0.000
Linear 3 2577162 859054  67.71  0.000
Welding Current (KA} 1 5494 5494 0.43  0.519
Electrode Force (Mpa) 1 2440816 2440816 192.39  0.000
Welding Time 1 130852 130852 10.31  0.008
2-Way Interactions 2 11.16  0.001
Welding Current (KA}*Welding Time 1
Electrode Force (Mpa)'Welding Time 1
Error 18
Lack-of-Fit 2 513
Fure Error 16 170388
Total 23 3088651

283131
216260

66871
228359

17.05  0.001
5.27 0.034

2.68 0.099

Model Summary

5 R-sq R-sqladi) R-sq(pred)
112.635 92.61% 90.55% 26.56%

Figure 7. ANOVA results for the full factorial experiments
with Table 7
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Typically, ANOVA assumptions are checked using
four main diagnostic plots: (a) residuals versus the
order, (b) histogram of standardized residuals, (c) versus
fits for standardized residuals, and (d) normal
probability plot for standardized residuals. Should these
assumptions be satisfied, then standard least-squares
regression will generate objective coefficient estimates
with minimum variance. Figure 8a shows that residuals
relatively fall along a straight line. Consequently, the
normal distribution assumption is considered as
satisfied. As shown in Figure 8b, all residual points are
dispersed within lower and upper bounds, showing no
pattern. This plot denotes that the independence
assumption is also satisfied. The histogram shown in
Figure 8c apparently forms a normal curve equally
distributed around zero, showing that the normality
assumption is more than likely true. Since Figure 8d
shows that all residual points are spread irregularly over
the graph within the lower and upper bounds showing
no evident patterns, the assumption according to which
residuals have a regular variance is confirmed. As a
result, all diagnostic plots denote that all the necessary
ANOVA assumptions are satisfied.

As shown in Figure 9, a Pareto plot can illustrate
statistically significant effects. The interactions or
factors on the outside of the dotted line at 2.12 are
relevant in decreasing order: electrode force, welding
time, welding current*welding time interaction
electrode force*welding time interaction, and lastly,
welding  current*electrode  force*welding  time
interaction. Put differently, these effects have significant
impact on the mean maximum load, even if the welding
current has no relevant impact on the mean maximum
load. This result can be further supported by taking into
consideration the main effects plot and interaction plot
(as shown in Figures 10 and 11, respectively).

Figure 10 shows a graphic representation of the
primary effects of the spot weld examined factors in
regard to maximum load. According to the graph, it can
be concluded that a factor is directly linked to the slope
and length of the line in the graphic. The greater the

Pareto Chart of the Standardized Effects
(response is Max Load (N), & = 0.05)

L 212
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Figure 9. Pareto plot of effects on maximum load variability
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Figure 10. Main effects plot for spot weld experiment
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Figure 11. Interaction plot for the spot weld experiment

slope is, the higher the influence on the average
maximum load increase will be when varying levels
from low to high. Therefore, when these primary effects
result from a 90.55% statistical adjustment, with a p-
value inferior to 5% significance (representing a 95%
confidence level), these results are valid for this spot
procedure.

According to Figure 10, the electrode force has a
significant impact on maximum load, while welding
current has absolutely no impact due to the lower slope.
Nonetheless, it should be noted that welding time is less
sensitive to variability in maximum load if compared to
electrode force.

As shown in Figure 11, the three two-factor
interaction graphics denote a powerful interaction
between “electrode force*welding time.” Maximum
load reaches its highest when welding time and
electrode force are kept at a high level, i.e. 10 cycles
and 0.25 MPa, respectively. Likewise, maximum load
reaches its minimum when welding time and electrode
force both maintain a low level, i.e. 8 cycles and 0.20
MPa, respectively.

4. 1. 4. Determination of Optimum Parameters
Regression Model To establish the optimal
conditions of maximum load, an optimization study is
necessary. As soon as the model has been developed
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and verified for adequacy, the optimization criteria must
be set to determine the optimum conditions. In order to
establish the combination of input variable settings that
conjointly optimize a response, a response optimizer
was employed. Consequently, 7,463 N was the
predicted maximum load value.

As Figure 12 shows, the optimum parameters
detected in uncoded units were weld time of 10 cycles,
electrode force of 0.25 MPa, and weld current at 70 KA.
As a final step, the confirmation test experiment must be
conducted. To assess the accurateness of the value
predicted by the suggested GA (see Figure 13), an
experiment was conducted based upon the optimized
process parameters.

The experiments carried out under the optimum
conditions were replicated three times. The average
value for maximum load turned out to be 7,348 N. The
results in Table 8 clearly show that the GA predicted

Multiple Regression for Max Load (N)
Prediction and Optimization Report

Goal: Maximize Max Load (N) Solution: Optimal Settings

Predicted ¥ 746253 X1: Welding Curr 70
95% PI (71980, 7727.1) X2: Electrode Fo 025
X3: Welding Time 10

Settings and Sensitivity for Optimal Solution
Blue lines show optimal settings. Black lines show the predicted Y at different settings.
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Figure 12. Response optimizer for the spot weld experiment

TABLE 8. Predicted maximum load of spot weld under
optimum process parameters and experiment value

Predicted value by Response optimizer 7.463
Predicted value by GA 7.467
Experiment value 7.348

Best: -7466.75 Mean: -7466.68

* Best fitness
. Mean fitness

-5900

-7000

Optimization runnin,
Switching te hybrid funct

Objective function value: -7466.749544727798

-7100 Optimization terminated: average change in the fitness value less
than options.FunctionTol nce.

PATTERNSEARCH: Optimization terminated: mesh size less than
options.MeshTolerance.,

-7200

Fitness value

av

-7300 Final point:

1. 2 3
70) 0.25] 10]

7400 b
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Generation
Figure 13. GA convergence plot for the optimal load of the
spot weld

value is suitably close to the practical value that was
obtained experimentally.

4. 2. Plug Weld Procedure

4. 2. 1. Factorial Design of Welding Parameters
An experimental layout that included all combinations
of plug weld parameters and their respective levels was
constructed to identify the significant interaction and
main effects. Table 9 displays the real settings of the
process parameters and the response values that were
registered at each trial condition. As showed in
Run/Trail 6, achieving weld accuracy and deeper
penetration in plug welding of thin sheet metal demands
experienced welders. The degree of experience and skill
of the welder may affect the weld quality.

The failure mode of welded samples and load vs.
extension curves derived from the plug weld joint tests
can be found in Table 10 and Figure 14, respectively.
The original crack formed after maximum load, whereas
the rear sheet started to fold. In the configuration after
the full separation, a button spawned from the thin
sheet. The thin sheet behind the button was pulled away
from the remaining thin sheet. As the welding current
and hole diameter increased, tensile-shear load also
increased. The shape of the curve’s “tail” relies on the
post-failure mode. A long tail correlates with an
interfacial failure, usually one-half button pullout and
consequential tearing of the base metal alongside the
loading direction. A short tail corresponds to a full
button pullout [27]. Immediately after failure, the load
drops to zero. The failure mode is usually a complete
and clean button pullout.

The failure of the plug-welded sample, as shown in
Figure 14, Failure Modes A, B and C correspond to
pull-out failure, tearing of the base metal and interfacial
failure. In Failure Mode A, the nugget rotates and the
tensile load is increased, and then the localized necking
occurs outside the nugget, resulting in crack

TABLE 9. Plug weld experimental layout with response
values

Maximum load (N)

Run/Trial X Y
1 2 3

1 7 100 3.019 3.327 3.066
2 8 100 5.501 5.773 5.587
3 9 100 5.745 5.694 6.918
4 7 120 4.834 4.497 4.970
5 8 120 5.711 6.484 5.876
6 9 120 7.817 9.201 7.671
7 7 140 5.220 5.946 5.862
8 8 140 5.757 5.483 6.468
9 9 140 8.607 8.737 7.887
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TABLE 10. Failure mode of plug-welded samples
Welding current
120 kA

100 kA

140 kA

Hole diameter
8 mm

9 mm

initiations around the nugget’s periphery, while in
Failure Mode C, failure occurs by crack propagation
through the nugget. In the case of Failure Mode B,
failure occurs by weld nugget being partially pulled out
from the base metal. Plug-welded material with a 7 mm

9000 AN

hole diameter had low tensile-shear strength because of
the low penetration size, leading to interfacial failure.
The increment in tensile-shear load with increasing hole
diameter was mainly attributed to the growth of
penetration size. Assumedly, tensile-shear load
increased when the hole diameter was incresed to 8 mm.

4. 2. 2. Regression Model Equation (9) gives the
mathematical model for factorial design 32 terms of un-
coded factors, where N represents the mean of the
maximum load, and Y and X are the welding current
and mean hole diameter, respectively. For the
subsequent mathematical model, all coefficients have
been estimated in their coded format, as derived from
the experimental results. Additionally, the model
ensures a good correlation (R? = 93.71%). Adjusting the
statistical model (R? (adj) = 90.92%) allows for these
values to explain the variability to 90.92%.

N =-30058+1530X +360Y —1.323Y° 9)

4. 2. 3. Model Adequacy Checking Figure 15
provides the ANOVA results for the complete 32
factorial designs with three replicates. The data shows
that the main effects of welding current and hole
diameter are relevant for the maximum load. Since the
p-value is inferior to the significance level established at
5% probability level (p < 0.05), the interaction between
hole diameter*welding current can be considered
significant. For compelling statistical conclusions, the
ANOVA assumptions should be verified and tested
using model diagnostic plots. A normal probability plot
was used to test the normality of the data.
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Figure 14. Load vs. extension curves of the plug weld joint
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In Figure 16a, a normal probability plot is shown,
revealing that the residuals fall on a straight line,
indicating normal distribution. Figure 16b shows
predicted plot versus residuals. Figure 16b displays the
fitted response values versus the variation of the
residuals. It is obvious that the data points distribution is
random (patternless), indicating that error independency
and variance constancy are valid. The plot of residuals
versus order was used to verify lurking variables that
could have influenced the response throughout the
experiment. Apparently, the histogram shown in Figure
16¢ forms a normal curve equally distributed around
zero, indicating that the normality assumption is more
than likely true. Additionally, a variation of the
residuals versus the run order was plotted to test data
independence (Figure 16d). As expected for normally
distributed data, it clearly indicated a random scatter.
Considering the above discussion, it is obvious that the

General Factorial Regression: Max Load (N) versus Diameter (mm), Welding Current (kA)
Factor Information

Factor Levels Valuss
Diameter (mm) 37,8 9
Welding Current (ki) 3 100, 120, 140

Backward Eliminaticn of Terms

o to remove = 0.05

Rnalysis of Variance

Source DI

2dj 53 Adj M5 F-Value P-Value
Model 0.000

F
£ 62302828 7722604 33.54 0.000
Linear 4 57136493 14284123 €l.52 0 0
Diameter (mm) 2 42388974 21194487 9l.28
Welding Current (kA) 2 1474751% 7373760 31.76

4

4

3

2-Way Interactions 5172336 1253084 5.57
Diameter (mm)*Welding Current (k&) 5172336 1293084 5.57
Error

1 4179648 232203
Total 26

66458477
Model Surmary

S  R-sq R-sqadj) R-sqipred)
481.874  93.71% 90,928 25,868

Figure 15. ANOVA results for the full factorial experiments
with Table 9
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Figure 16. Residual plot for the plug weld experiment, (a)
normal probability plots of residuals, (b) residuals versus fits
plots, (c) histogram of residuals, and (d) residuals versus
observation order

ANOVA assumptions, namely variance constancy, error
independency, and error normality are validated. The
normal plot for standardized effects can only be applied
to 2% designs and not to general factorial designs.
Generally, factorial designs should be used to choose
interaction terms and vital main effects rather than
standardized effects (also called normalized effects).
Figure 17 shows one of the effects of welding
parameters on tensile-shear test samples. As shown,
modifying the hole diameter from 7 mm to 9 mm caused
a greater main effect than welding current.

Figure 18 reveals a strong interaction between
welding current and hole diameter. It is obvious that the
effect of the hole diameter at varying levels of welding
current is different. Yield is maximum if welding
current and hole diameter are maintained high levels,
i.e., 140 kKA and 9 mm, respectively.

4. 2. 4. Determination of Optimum Parameters
Figure 19 displays the optimal process conditions
necessary to produce maximum load under specific
conditions. The optimum conditions for maximum load
yield as estimated by the response optimizer were
welding current 140 kA and hole diameter 9 mm. at
optimal conditions, the maximum value for tensile-shear
strength was calculated at 8,213 N.
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Figure 17. Main effects plot for the plug weld experiment
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Figure 18. Interaction plot for the plug weld experiment
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As Figure 20 shows, if the optimization problem is
solved, the GA supplies optimum combinations of
parameters to achieve maximum weld strength
compared to the original set of welding parameters.

In order to confirm the accuracy of the established
response optimizer function, three replicates of batch
experiments have been conducted at optimal conditions.
With nonlinear functions, optimum values may take
place at the boundaries or in-between them. In the
experiment conducted under optimal conditions, 8,262
N was the average value for maximum load.

Table 11 shows optimum welding conditions that
lead to the maximum weld strength. The optimization
results have been verified against factual experimental
data, revealing that they are satisfactory.

Multiple Regression for Max Load (N)
Prediction and Optimization Report

Goal: Maximize Max Load (N) Solution: Optimal Settings
Predicted Y 8212.92
95% PI (6792.6, 9633.2)

X1: Diameter (mm )
X2: Welding Curr 135.960

Settings and Sensitivity for Optimal Solution
Blue lines show optimal settings. Black lines show the predicted Y at different settings.

= Welding Current (KA) =
: /
H i
H i
H i

E il . L.
1 ® ° s 0

Figure 19. Response optimizer for the plug weld experiment
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Figure 20. GA convergence plot for the optimal load of plug
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TABLE 11. Predicted maximum load of plug weld under
optimum process parameters and experiment value

Hole diameter Welding Maximum
(mm) current (kA) load (N)
RSM 9 135.960 8,213
GA 9 136.054 8,202
Experiment 9 136 8,262

5. CONCLUSIONS

The aim of this study was to evaluate the characteristics
of plug welding and spot welding used in the vehicle
body panel restoration process. The shear tension of
welds was analyzed experimentally. Based on the
statistical analysis and experimental results, the
conclusions derived from the current investigation are
summarized thusly.

The optimal spot welding parameters necessary to
produce a maximum load of 7.4 KN were an electrode
force of 0.25 MPa, a welding current of 70 kA, and a
welding time of 10 cycles. The failure modes detected
during tensile-shear testing caused full button failure
tearing of the base metal in all tests. The JIS G3141
SPCC resistance factor is higher. Consequently, the
current requirements are slightly lower. Because of the
additional compressive strength that is inherent in JIS
G3141 SPCC, electrode force is usually higher with this
type of materials. Since metallurgical changes are
greater with this type of materials, welding time is more
critical. When welding this type of materials, it is
advisable to employ longer welding times to permit
more ductile welds and reduce the cooling rate.

The optimal plug welding parameters necessary to
produce an 8.2 kN maximum load were a welding
current of 136 kA and a hole diameter of 9 mm. The
failure of the plug-welded sample happens in three
modes: interfacial failure, tearing of the base metal, and
button pullout. Plug welds are exceptionally tough and
will not fail unexpectedly. Small diameter plug welds
may be difficult. Full fusion achievement requires
adequately trained and skilled welders. According to the
recommendations provided by AWS, the minimum hole
diameter necessary to guarantee the reliability of plug-
welded materials based on 1 mm thin joined materials is
9 mm. Based on the 2 mm average joined material
thickness, the minimum hole diameter must be 10 mm.
The results show that the formula for plug weld
proposed by AWS can be used for similar plug-welded
metals with equal-thickness welding. Strengths were
proportional to the amount of current. In order to ensure
complete fusion and achieve the shear strength of the
weld metal, the highest practical welding current for the
used electrodes should be used for plug welds. This
strength increase with welding current confirms the
theory according to which ultimate shear strength relies
on the amount of penetration.

In the case of spot welding, the test numbers that
exceeded an upper limit caused burnt workpieces. In the
case of values below the lower limit, the finished
workpieces were non-adjacent. This experiment used
thin sheets as plug welding specimens. A hole diameter
above 9 mm would burn the joints. However,
penetration does not occur if the hole diameter is less
than 7 mm. Additionally, a welding current above 140
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kA may burn the workpiece. Consequently, the
optimum welding parameters in the present study are fit
for joining similar SPCC steel sheet (1.2 mm thick) to
attain the higher load value that complies with the actual
engineering conditions.

The aim of this pilot study was to estimate the main
parameters for the welding process of automotive body
panels. The results can help manufacturers understand
which parameters require less attention, narrower
ranges, or tighter control. Lastly, this study will
distinctly separate non-key from key parameters. If a
process parameter that has been tested over this range
presents no relevant effect on process performance, it is
safe to consider it a non-key parameter. Nonetheless,
even if digressions from these process parameters
present no weldability impact, it is advisable to monitor
them to guarantee consistent process control.
Parameters with a measurable, significant effect are
considered key parameters that must be tested in future
sets of characterization experiments. The results of this
study are expected to be applied to upcoming studies on
practical optimization for repair and maintenance of
automotive body panels.
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