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Abstract

High-strength steel and aluminum alloys are used to manufacture modern vehicles. The objective
was to reduce the weight and fuel consumption of the vehicles. In this study the optimum parameters
for the friction stir spot welding (FSSW) process between Al6061-T6 aluminum alloy and HSS590
high-strength steel were determined. Response surface methodology based on central composite design
(CCD) with three parameters, five levels, and 19 runs was used to conduct experiments and develop
mathematical regression models. The three joint parameters were tool speed, welding feed, and dwell time.
Analysis of variance was then performed to examine the adequacy of the developed models. Finally,
the effects of the process parameters on the mechanical properties were investigated using mathematical
models. In addition, the distribution of the chemical composition and fracture characteristics of the
joints was examined using scanning electron microscopy (SEM). The investigation found that the
optimum welding parameters were a tool speed of 1576 rpm, welding feed rate of 45 mm-min, and
dwell time of 10 s. Furthermore, the results confirmed that the mathematical models and experiments

were consistent.

1. Introduction

Currently, the most popular materials used in modern automotive
manufacturing are aluminum alloys and high-strength steel. Aluminum
used in the automotive industry is Al6061-T6 aluminum alloy
owing to its high strength and lightweight. [1,2] Both aluminum and
steel materials are produced using the required automotive components
and are assembled by welding [3]. The most popular welding process
in the automotive industry is resistant spot arc welding (RSW),
a fusion welding (FW) process suitable for similar welding joints
but not dissimilar welding joints. In particular, carbon steel and
aluminum [4] have dissimilar physical properties such as melting
point temperature (1560°C for steel and 630°C for aluminum alloy),
conductivity, and convection. Consequently, the joining of both
materials between aluminum and carbon steel by the fusion welding
process was unsuccessful. In addition, intermetallic compounds
(IMCs) were found in the solidification process between iron and
aluminum (FeAlz, Fe2Als, and FeAls/FexAlx) [5] with high hardness.
Consequently, the ductility is reduced, resulting in a low shear strength
of the weld line, which is insufficient for use in engineering structures.
Therefore, welding processes that prevent melting must be studied
to prevent the formation of intermetallic compounds in the material.
According to previous reports, the non-melting welding process
used in the welding industry is known as non-fusion welding.
Friction welding (FW), friction stir welding (FSW), and friction stir
spot welding (FSSW), are processes designed for joining dissimilar
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welding materials. This method uses mechanical energy to stir mixed
materials without melting, causing the materials to be stirred
together in a solid state. In addition, the joining was found to be
sufficiently strong for dissimilar welding materials [6-9].
Currently, a wide variety of studies have proposed guidelines for
experimental design to predict and determine optimal parameters.
For example, Nakovong et al. [10] studied the optimization of the
production factor in FSW welding using Taguchi and ANOVA for
tensile strength and weld hardness analysis. Zamani et al. [11]
joined an Al-SiC aluminum alloy with the FSW process using the
response surface method (RSM) to optimize the weld parameters.
MohammadiSefat et al. [12] experimentally welded aluminum alloy
Al5052-H18 using the FSW process. Experimental design using
RSM to determine optimum welding parameters. Naqibi et al. [13]
studied the factors of welding copper-aluminum tubes using the
FSW process to determine the optimum value of the Box—Behnken
design factor using the RSM method. Kumar et al. [14] performed
an experimental dissimilar welding joint between AI5083-0 and
Al6082-T6 with tailor-welded blanks to determine the parameters
of FSW welding using the RSM method. Chakradhar et al. [15]
experimentally joined of aluminum alloy Al6061 using the FSW
process to determine the optimal parameters for tensile strength and
weld hardness using the RSM method. Mirabzadeh et al. [16] examined
the heat generated by FSW welding of polypropylene specimens for
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process parameter analysis using the RSM (Box-Behnken) method.
Ahmadnia et al. [17] studied the effect of FSW on the tensile strength,
hardness, and elongation of the aluminum weld between Al6061 and
Al5051 using the RSM method. Many additional cases of experimental
design for predicting and optimizing FSW welding have also been
mentioned. From the research mentioned in the paragraph, it is
evident that the experimental design can be effectively predicted to
find the appropriate value in the research.

As mentioned, friction stir spot welding (FSSW) in the joining of
dissimilar welding between AI6061-T6 aluminum alloy and HSS590
high-strength steel was not mentioned. In addition, there have been
studies on process adjustments and the various responses to the process.
Therefore, this research aims to design a statistical experiment and
application of response surface methodology (RSM) using the central
composite design quadratic model (CCD). Furthermore, the optimum
welding parameters such as tool speeds, feeds, and dwell time affect
the tensile load, hardness, and weld elongation. Finally, researchers
hope that the CCD method can effectively design the FSSW process
and benefit manufacturers and those interested in further study of
the FSSW process.

2. Experimental

2.1 Experimental and tensile test

In the investigation of FSSW, the welding parameters of the
experiment were tool speed, welding feed, and dwell time in the joint.
The CNC machining center (ACCUWAY UL-15) is an experimental
machine that can control welding parameters. Welding using plunging
is 1.20 mm. A cylindrical welding tool with a diameter of 10 mm,
a tool pin diameter of 4 mm, and a 1.20 mm, pin length. Figure 1(a)
shows a welding and clamping process explicitly designed for FSSW.

The experiment involved placing an aluminum lab joint on
HSS590 steel of 30 mm. as shown in Figure 1(b). The tensile test
(model: WAW - 1000D Electro-hydraulic Servo Control Universal

Testing machine) and joint hardness are shown in Figures 1(b-c),
Therefrom the tensile load, elongation, and hardness to analyze the
efficiency of the process which will be discussed in the next section.

2.2 Experimental materials

The experiment used a dissimilar material between AI6061-T6
aluminum alloy and HSS590 high-strength steel. Cutting was 100 mm.
with a length and width of 25 mm, and thickness of 1 mm. as shown
in Figure 1. In the previous welding process, the workpiece surface
was polished with emery paper. In addition, the surface was cleaned
with acetone before welding. Table 1 lists the chemical compositions
and mechanical properties of the experimental materials.

Y= Byt B O+ B, (04 B,00) B, (X)) + () (D)
+ﬂ120(1X2)+ﬂ130(1X3)+ﬂ23 (‘XZXS)

2.3 Experimental design

They determined the optimum factors for welding joint tensile
strength, elongation, and hardness using a central composite design
(CCD). Because CCD can generate nonlinear correlations using
a small number of runs in several experiments, it is suitable for
designing experiments. The factors in the study were the tool speed
(S; X1), feed (f; X2), and dwell time (t; X3). The factor level was
determined based on relevant research and the limitations of the
experimental tool. The levels of the factors were low (-1), medium (0),
and high (1), as shown in Table 2. The experiment and design used
the Design-Expert and MINITAB 19 statistical software packages.
Design-Expert software was used for graphical optimization, in this
part of the verification of models, coefficient of determination (R?)
and analysis of variance (ANOVA) were used MINITAB. The
response equation is shown in equation (1), where Y is the response,
and D is the composite desirability (D), where the result is between
0to 1. If D isequal to 1, the result has complete a composite desirability.

(a) Rotation direction (b)
Tensile g Tensile
Toggle Clamp 30
170
(c) Hardness lest

Figure 1. FSSW process, tensile and hardness test of specimen in the experimental.
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Table 1. Chemical composition and mechanical properties of the material in the experiment.

Material Chemical composition
Si Fe Cu Mn Mg Cr S C Al

Al6061-T6 0.40 - 0.15 0.00 0.81 0.04 - 0.00 Bal.
HSS590 0.90 Bal. - 1.25 - 1.45 0.05 0.21 -
Table 2. Factor of experiments along with their levels based on CCD.
Parameters Level

-1.68 -1 0 1 1.68
Tool Speed: S (X1) (rpm) 659 1000 1500 2000 2341
Welding feed: f (X;) (mm-min?) 6 20 40 60 74
Dwell time: t (X3) (s) 1.59 5 10 15 18

3. Results and discussion

Table 3 presents the experimental procedure designed with a CCD
to study the effects of the parameters on the FSSW process. The
results showed that the tensile load were 1.74 KN to 2.58 KN, 1.2%
to 16.2% for elongation, and 106 HV to 127.51 HV for hardness.
Table 4-6 analyzes the relationship between the response factors for
the tensile load (Ts), elongation (%El), and welded hardness (HV).

3.1 Development of response surface models

The response of the process factors related to process quality is
determined. A regression analysis developed a mathematical model
using the quadratic polynomial method for tensile load, elongation, and
weld hardness. In the model development, statistical analysis was used
to assess the validity of the full quadratic models by analysis of variance

Table 3. Experimental parameters and results.

(ANOVA) and coefficient of determination: (R%). A mathematical
model using the polynomial regression method of responses, linear
terms, quadratic equations, and interaction terms is demonstrated in
Equations (2-4).

Ts = 2.53+0.0668S + 0.0604f+ 0.1416¢ + 0.0675Sf 2
+0.0325St + 0.005ft — 0.3692S%~ 0.1070f*- 0.1892¢>

El = 13.8+1.32S +0.7822f + 1.15t + 1.115f - 0.1312St (3)
+0.2613ft — 357 2.23f2 — 1.32t?

HY = 111.18 +0.8737S — 1.56f+ 3.95¢ + 0.3188Sf’ 4)
—0.1312S¢+ 1,15/t +2.115% + 0.838 + 4.58/

Where S is the tool speed, f is the welding feed, and t is the
dwell time. Ts, El, and HV are the tensile load, elongation, and weld
hardness, respectively.

Run Process factors Process factors
Tool speed Feed Dwell time Tensile load Elongation Hardness
(rpm) (mm'min™) O] (KN) (%) (HV)

1 659 40 10 1.52 3.25 113.02
2 1500 74 10 1.95 8.70 113.92
3 1000 60 15 1.87 6.70 118.48
4 2000 60 5 1.94 9.00 108.00
5 2341 40 10 1.93 9.40 122.00
6 1500 40 10 2.56 15.30 106.00
7 1500 40 10 2.55 14.70 108.00
8 1500 40 18 2.53 14.20 131.00
9 1000 60 5 1.75 4.70 113.25
10 1000 20 15 1.86 6.00 127.51
11 2000 20 15 1.84 5.35 120.46
12 1500 6 10 1.95 8.30 113.91
13 1000 20 5 1.65 4.82 116.15
14 1500 40 10 2.58 14.33 114.08
15 1500 40 10 2.45 13.12 113.85
16 1500 40 10 24 11.20 113.85
17 1500 40 1.59 2.01 8.00 118.00
18 2000 20 5 1.64 4.92 120.34
19 2000 60 15 2.25 10.70 123.42
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Table 4. ANOVA for Quadratic model of Ts by RSM.

Source DF Adj SS Adj MS F-value p-value
Model 9 2.09 0.2317 18.26 0.0001
S 1 0.1107 0.1107 8.72 0.0161
f 1 0.0492 0.0492 3.88 0.0804
t 1 0.2152 0.2152 16.96 0.0026
Sf 1 0.045 0.045 3.55 0.0923
St 1 0.0041 0.0041 0.3192 0.5859
ft 1 0.0001 0.0001 0.0039 0.9513
S? 1 121 121 95.59 0.0001
f2 1 0.652 0.652 51.38 0.0001
2 1 0.1517 0.1517 11.95 0.0072
Residual 9 0.1142 0.0127

Lack of Fit 5 0.0895 0.0179 2.9 0.162
Pure Error 4 0.0247 0.0062

Cor Total 18 2.2

R?0.9481, R%g; 0.8961

Table 5. ANOVA for Quadratic model of El by RSM.

Source DF Adj SS Adj MS F-value p-value
Model 9 234.88 26.1 7.27 0.0034
S 1 23.97 23.97 6.67 0.0295
f 1 8.36 8.36 2.33 0.1615
t 1 18.13 18.13 5.05 0.0512
Sf 1 9.79 9.79 2.73 0.1331
St 1 0.1378 0.1378 0.0384 0.849
ft 1 0.546 0.546 0.152 0.7057
S? 1 123.17 123.17 343 0.0002
f2 1 68.18 68.18 18.98 0.0018
2 1 23.63 23.63 6.58 0.0304
Residual 9 32.32 3.59

Lack of Fit 5 21.78 4.36 1.65 0.3232
Pure Error 4 10.54 2.63

Cor Total 18 267.21

R?0.8790, R%g; 0.758

Table 6. The ANOVA results for HV by RSM.

Source Df Adj SS Adj MS F-value p-value
Model 9 583.72 64.86 3.37 0.0423
S 1 10.43 10.43 0.542 0.4804
f 1 33.2 33.2 1.73 0.2214
t 1 213.47 213.47 111 0.0088
Sf 1 0.8128 0.8128 0.0423 0.8417
St 1 0.1378 0.1378 0.0072 0.9344
ft 1 10.51 10.51 0.5464 0.4786
s2 1 60.72 60.72 3.16 0.1094
f2 1 9.59 9.59 0.4983 0.4981
2 1 286.38 286.38 14.89 0.0039
Residual 9 173.13 19.24

Lack of Fit 5 113.52 22.7 1.52 0.3522
Pure Error 4 59.61 14.9

Cor Total 18 756.86

R?0.8790, R%g; 0.758

An ANOVA was performed to verify the precision of the developed
mathematical models, and the results are presented in Table 4. For
Ts in the table, the model p-value for Ts was less than 0.05, indicating
that the model conditions were significant. Therefore, the terms S, t,

$?, 2, and 2, which were 0.0161, 0.0026, 0.0001, 0.0001, and 0.0072,
respectively, were significant for Ts. In contrast, f, Sf, St, and ft had
P-values higher than 0.05, indicating that the model conditions were
insignificant to Ts. However, considering "Lack-of-Fit" Table 4, the
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p-value is higher than the critical value of 0.162, which is over 0.05,
so the null hypothesis is unably rejected. Therefore, it can be concluded
that the regression model is suitable such that the equations can be
used to predict the Ts of the weld. Furthermore, considering that the
R? value of the model approaches 1, the model can be used to establish
predictive equations.

Table 5 is the ANOVA analysis, and the El results show that
the model p-value for El is less than 0.05, indicating that the model
conditions are significant. Therefore, the terms S, $?, > and t? are 0.0295,
0.0002, 0.0018, and 0.0304, respectively, and are significant for El. On
the other hand, the other term, a p-value higher than 0.05, indicates
that the model conditions were insignificant for El. However,
considering "Lack-of-Fit" Table 5, the p-value is higher than the
critical value of 0.3232, which is over 0.05, so the null hypothesis is
unably rejected. Therefore, it was concluded that the regression
model is suitable so that the equations can be used to predict El of
the weld. Furthermore, considering that the R? value of the model
approaches 1, the model can be used to establish predictive equations.

Table 6. shows the ANOVA analysis, and the HV results show
that the model of the p-value for the HV is less than 0.05, indicating
that the model conditions are significant. Therefore, the terms t and
t2 are 0.0088 and 0.0039, respectively, and are significant for HV.
On the other hand, the other term, a p-value higher than 0.05, indicates
that the model conditions were insignificant for HV. However,
considering "Lack-of-Fit" Table 6, the p-value is higher than the
critical value of 0.3522, which is over 0.05, so the null hypothesis
is unably rejected. Therefore, it was concluded that the regression
model is suitable so that the equations could be used to predict the
HV of the weld. Furthermore, considering that the R? value of the
model approaches 1, the model can be used to establish predictive
equations.

3.2 Optimization and confirmation

This study investigates the joining of Al6061-T6 aluminium
alloy with HSS590 steel by the FSSW process on the Ts, El, and
HV of welded joints. The optimal parameters are presented in Table 7.
The optimal conditions in the experiment were found to be a tool
speed of 1576.445 rpm, welding welding feed of 45.09 mm-min,
and dwell time of 10.08 s. The tensile load is 2.52 KN, 14.2 of
the elongation, and 111.10 HV weld hardness. Figure 2 shows the
numerical simulation results of the predictive response for the joint
between Al6061-T6 aluminum alloy and HSS590 steel using the
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FSSW welding process, in which the composite desirability was
0.8777.

Therefore, the appropriate values in Table 7 were used. Finally,
experiments were repeated to confirm the results. To confirm the
experimental results, the researcher parameters were adjusted for the
convenience of setting the tool speed to 1576 rpm, welding feed to
45 mm-min, and dwell time to 10 s. Then, welding of five additional
pieces was performed. Finally, the means of the responses were
investigated to confirm the experimental results, as shown in Table 8.

Table 8. The statistical analysis results were verified as confirmation.
It was found that the confirmation of the effect for mean Ts was
2.34 KN with an error of 7.14%, the mean of El was 12.26 and an error
of 12.68 %, and the experiment to confirm the effect of the mean
HV was 105.72 HV has an error of 4.84%. Generally, the experimental
results for confirmation were within acceptable limits, with an overall
error of no more than 13%.

Optirnal Tool spe Feeds Chwrell £
Lo i 2340.8064 73.6350 18,4000
e [1576.4451] [45.0963] [10.0349]
Low 650.1036 63641 15910
e —. -
Composite f //P \ ,/# ™,
Desirahility \ s
O: 08777 '
.II 1
! ]
v J
Minimum
y = 111.1063 |
d=070573 e _/ e \;H /
T SN =S N S
o A= — A=
%zl 7 / \ /f”? .
Mastirmnum f,/
y = 14,0497 -
d=n03%624 |
|
Ts [KM) ,7' F4 Y //? "
Maximurm i \ Vd
y = 2.5249
d = 094793
! 1

Figure 2. Exhibition of optimal result in FSSW welding on numerical
optimization by MINITAB.

Table 7. Optimal results as obtained and response by MINITAB V19 statistical software.

S (rpm) f (mm'min™) t(s) Ts (KN)

El (%) HV Desirability (%)

1576.445 45.09 10.08 2.52

14.04 111.10 0.8777

Table 8 The results of the experiments were confirmed with the results of statistical analysis.

Response Optimization approach Confirmatory experiment Error (%)
Ts 2.52 2.34 7.14

El 14.04 12.26 12.68

HV 111.10 105.72 4.84
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3.3 Analyzing mechanical properties

The response surface graphs of Ts, El, and HV from equations
(Equations 2, 3, and 4) were used for prediction, and then the response
surface graph was generated, as shown in Figure 3-5. The perturbation
and 3D response surface graphs are shown in Figure 3(a) Effect of
the effective parameters (A: tool speed, B: welding feed, C: dwell time)
on the Ts of the joint. First, the dwell time was observed at the highest
Ts, followed by the tool speed and welding feed. Figure 3(b-d) show
the response surface graphs of the parameter to Ts of the joint. The
parameter level was in the middle Ts of the maximum joint. Conversely,
it was found that as the parameter level increased or decreased, Ts
of the joint decreased. The contour plot showed that the relationship
the between process parameter and Ts had a nonlinear effect. The
middle curve shows the highest Ts, and the next curve shows the
lowest Ts of the joint.

Figure 4 demonstration of the perturbation and 3D response surface
graphs. Figure 4(a) exhibits the effect of the effective parameters on
the El of the joint. Figure 4(b-d) illustrate response surface graphs
of parameter on the El for the joint. It was found that as the parameter
level increased or decreased, El of the joint decreased. The contour
plot showed the relationship between the process parameter and El
had a nonlinear effect, The center curve shows the highest El and
the subsequent curve shows the lowest El of the joint.

Figure 5 shows the perturbation and 3D response surface graphs
Figure 5(a) The effect of parameters on the HV of the joint. Figure 5(b-d)
shows the response surface graphs of the parameters to HV of the joint.
The parameter level was in the middle, illustrating the lowest HV.
On the other hand, it was found that as the parameter level increased
or decreased, the HV of the weld increased. The contour plot found
that the relationship between the process parameters and HV had
a nonlinear effect. The center curve shows the lowest HV, and the next
curve shows the increased HV of the joint.

3.4 The chemical and fracture analysis

In the previous section, the efficiency of the FSSW process was
investigated using the CCD method. The optimal parameters for the
FSSW process were found to be a tool speed of 1576 rpm, welding
feed of 45 mm-min-t, and dwell time of 10 s. An examinination of
the chemical composition using the EDS-line scan technique is
shown in Figure 6. Straight-line investigation from the aluminum
side to the steel side. Chemical composition analysis revealed a high
aluminium-to-steel dispersion content, as shown in Figure 6(a).
Furthermore, an investigation revealed that a line scan of aluminum
tilted toward the steel side indicated that aluminum could intermix
with steel. Similarly, a line scan of steel with a slope on the aluminum
side indicated that the steel interface layer could be stirred with the
aluminum. As observed from the chemical composition of the iron
at the interface layer, the amount increased. On the other hand, the
inappropriate factors for the FSSW process are a tool speed of 660 rpm,
welding feed of 73 mm-min, and dwell time of 18 s, as shown in
Figure 6(b). It was observed that the line scan characteristics of the

aluminum slope in steel were less than the optimal factor. This indicates
that the interface layer has less adhesion between aluminum and iron.
Examination of the chemical composition of the steel at the interface
layer revealed that the inappropriate factor was lower than the optimal
factor. Because the welding factor is too low for the heating of the
interface layer, atomic diffusion does not occur between the two
materials. Consequently, the adhesion between the two materials is
low, resulting in a decrease in the tensile strength.

Therefore, the fracture surface for a couple of factors were compared
using SEM technical analysis, as shown in Figure 7. Damage to
specimens obtained from tensile tests on the aluminum side Figure 7(a).
Demonstrate the damage characteristics of appropriate welding
parameters. Ductile damage was observed, surface fractures appeared
as dimples and craters, and small dimples were observed on the
damaged surface. These characteristics indicate ductile damage at
high tensile load, which is consistent with the results reported by
Guishen et al. [18]. In addition, the uniformity of the dimples and
craters indicated a high amount of plastic deformation. On the other
hand, when the parameters were adjusted the tool speed was 660 rpm,
welding feed was 73 mm-min-, and dwell time was 18 s. Therefore,
it was an inappropriate parameter for this experiment. Joint damage
is a micro-cave with a fracture in a complex plane. This characteristic
indicates that brittle damage results in low tensile strength of the joint,
as shown in Figure 7(b). The appearance of the micro-cave fracture
surface with a plain surface complexion indicates that the damage
characteristics have low plastic deformation.

3.5 Disclusion

HSS590 steel and Al6061-T6 aluminium alloy are used in the
modern automotive industry. The objectives of reducing weight and
fuel consumption include environmental friendliness. Therefore,
this study examined the joints of two materials using the FSSW
process. In addition CCD mathematical modeling was used to
determine the optimal process factor. Investigations have revealed
that mathematical models can effectively model predictions [17,19,20].
Therefore, the optimal (S = 1576 rpm, f =45 mm'min’, and t = 10 s)
and inappropriate (S = 660 rpm, f =73 mm'min, and t = 18 s.) was
repeated to confirm the experimental results. In addition, the chemical
composition and surface fractures at the interfaces of the coupled
specimens were examined. It was found that the samples established
by the optimal factor had a higher Fe content at the interface than
those established by the inappropriate factor. This indicates that the
appropriate weld factor exhibits adhesion in the region of the
interface. This indicates that the optimum joint factor is adhesion
between Fe and Al in the interface region [5]. Then, considering the
fracture surface of these coupled factors, the difference in tensile
strength was further demonstrated. This is because the fracture
surface characterizes the optimal factor as ductile fracture. On the
other hand, an inappropriate welding factor, that is, the fracture surface,
is characterized by brittle fracture. Finally, to illustrate the differences
between the studies, the authors compared their performance with
those of other techniques, as shown in Table 9.
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Figure 3. Perturbation and 3D response surface graphs showing the effects of all the factors on Ts.
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Figure 7. The investigation fracture mechanic of FSSW (a) tool speed to 1576 rpm, welding feed 45 mm-min-L, and dwell time 10 s, (b) tool speed to 660

rpm, welding feed 73 mm-min?, and dwell time 18 s.
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Table 9. Summary of performance and reference research.

SILACHAI, A., and PRASOMTHONG, S.

Ref. Method Material Tensile load Hardness % EI Chemical and fracture
(KN) (HV) analysis

[1] N/A 6111-T4 and steel DC04 35 82 N/A N/A

[2] Avrea analysis Al 6016/IF-steel 1.8/45 1000/1100 N/A Examine

[3] N/A boron steel 35 280 N/A N/A

[4] N/A DP600 35 350 N/A Examine

[6] N/A DP780GA/ TRIP780 13.2/13.2 442/200 N/A N/A

[7] N/A Al 6061-T4 4.6 N/A N/A N/A/ Examine

[8] N/A Low carbon steel /Al-Mg alloy 3.0 N/A N/A Examine

[9] N/A AMG60/DP600 steel 1.65/2.07 N/A N/A N/A / Examine

This work CCD HSS590/Al6061-T6 2.52 111.10 14.04 Examine

4, Conclusions

Optimal parameters of dissimilar material joints between HSS590
high-strength steel and Al6061-T6 aluminium alloy with the FSSW
process. The factors examined were tool speed, welding feed and dwell
time on mechanical properties such as tensile load, elongation, and
joint hardness. RSM mathematical and statistical analyses were
applied along with CCD experimental design. The three variables
were related to each other using mathematical models for effectively
predicting the tensile load, elongation, and joint hardness, with
coefficients of determination of 0.9481, 0.8790, and 0.8609, respectively.
When determining the optimum factor, the optimal conditions for
tensile load, elongation and joint hardness were tool speed of
1576 rpm, welding feed of 45 mm'min, and dwell time of 10's is the
optimal solution which causes 2.52 KN for tensile load, 111.10 HV
for hardness, and 14.04% for elongation. Therefore, verified the
obtained optimal results through a confirmatory experiment, and
the findings showed that the proposed approach could predict the
optimal solutions with overall error values lower than 13%. Finally,
the chemical composition and fracture surfaces at the interface layer
were examined, and it was found that the optimum factor had a higher
elemental content in the interface layer than the inappropriate weld
factor. Subsequently, when considering the fracture surface, it was
found that the appropriate welding factor was the fracture surface at
the interface layer, as indicated by the dimples and craters. However,
the fracture surface of the inappropriate welding factor at the interface
layer is characterized by a micro-cave fracture surface with a plain
surface complexion, indicating that the damage characteristics are
low plastic deformation.
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