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Abstract Friction stir welding (FSW) is introduced as a
solid-state welding process. Despite the many benefits of
the FSW, the effects of the thermal cycles in this process
are causing softening of the joint. This phenomenon gen-
erally occurs in heat-treatable aluminum alloys and results
in reduced mechanical properties of the joint. To solve this
limitation, submerged friction stir welding (SFSW) has
been developed which is suitable for welding of heat-sen-
sitive alloys. In this study, 31 butt joints were first pro-
duced from Al7075-T6 using the FSW. For this purpose,
the response surface methodology was selected as the
design of experiments method, and the variables: tool
rotational speed, tool feed rate, tool shoulder diameter, and
tool tilt angle were determined as the input variables. Then,
the statistical analysis of the parameters affecting the yield
strength and tensile strength of the joints was investigated.
Then, 10 joints were produced using the SFSW based on
the optimal values of the tool feed rate and tool tilt angle.
Results of the ANOVA and regression analysis of the
experimental data confirmed the accuracy and precision of
regression equations and showed that the linear, interac-
tional and quadratic terms of tool shoulder diameter and
tool rotational speed effect on the yield strength and
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ultimate tensile strength of submerged joints. Also, the
optimal conditions of input variables were determined by
the desirability method and confirmed by the verification
test.
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1 Introduction

Joining of magnesium [1] and aluminum [2] alloys with
fusion welding processes has always had a variety of
problems. Defects such as crack, void, and porosity affect
the quality and mechanical properties of the weld during
fusion welding. A solid-state welding process known as
friction stir welding (FSW) was developed by the welding
institute (TWI) [3] in the 1990s. This process is suitable for
the welding of materials that are difficult with fusion
welding processes. In this process, the temperature remains
below the solidus temperature, and no melting occurs.
Therefore, common defects of the fusion welding do not
appear in this process, which improves the strength and
ductility of the weld. Also, this process is more efficient in
terms of energy consumption and environmental compati-
bility than fusion welding processes. In addition, due to the
reduction of residual stresses (due to the reduction of heat
flux), the distortion of finished products is reduced [4, 5].
The FSW was first developed for the welding of aluminum
alloys and subsequently applied to various materials and
alloys. This process is used in many industries such as
aerospace, automotive, railways, shipbuilding and marine
structures [6—8].
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In FSW process, a non-consumable rotating tool,
including pin and shoulder, penetrates into the material and
applies the vertical force to the workpiece. The friction
between the workpiece and the tool increases the temper-
ature in the welding zone. Thus, the material softens
around the pin, and as a result, the workpiece will undergo
plastic deformation. The linear movement of the tool
moves the material from the advancing side to the
retreating side. Then, the material in the back of the pin is
blended and stabled by the tool shoulder, resulting in a
solid joint [9-11]. The principles of the FSW are
schematically illustrated in Fig. 1.

The FSW causes the creation of fine-grained
microstructure in the stir zone, because the dynamic
recrystallization occurs by severe plastic deformation
[12, 13]. Therefore, the improved mechanical properties
are observed in the workpiece. Although the input heat in
the FSW is lower than the fusion welding, nevertheless, the
softening phenomenon is generally observed in the friction
stir welding of heat-treatable aluminum alloys. The disso-
lution or coarsening of the reinforcing precipitates causes
the occurrence of softening, which leads to the decreased
mechanical properties of the joints [14—16]. In order to
overcome this challenge, the cooling rate can be increased
and the mechanical properties of the joint can be improved
by reducing the maximum temperature. For this purpose,
external cooling has been used in several types of solid-
state welding processes [17-19].

The submerged friction stir welding (SFSW) has been
introduced as an improved method of the FSW in which
water is used as the cooling fluid and plays an important
role in adjusting the temperature gradient of the weld joint
[20-22]. In this process, welding is done underwater.
Therefore, the process is carried out in a water tank or in a

Downward force

Tool
rotation

Fig. 1 Principles of FSW operation [9]
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condition where water continuously passes through the
surface of the workpiece. During the SFSW, the high heat
absorption capacity of the water reduces the heat transfer
rate to the thermo-mechanically affected zone (TMAZ) and
the heat-affected zone (HAZ). Therefore, the low temper-
atures in these zones cannot lead to precipitate coarsening
[23]. It also decreases the width of the HAZ and TMAZ
zones due to the reduced heat input [23, 24]. The SFSW
improves the mechanical properties by reducing various
defects of welding such as porosity, volume shrinkage,
solidification cracking and distortion due to residual
stresses. The SFSW process is appropriate for heat-sensi-
tive alloys within the welding process. Therefore, it is
widely used for aluminum alloys [25, 26].

Due to the severe plastic deformation of the material in
the FSW and SFSW, various microstructural transforma-
tions occur at the different areas of the joint cross sec-
tion. These microstructural transformations lead to changes
in the mechanical properties of the joint. The tensile
behavior of the joint in FSW and SFSW is considerably
affected by stirring, heating, and cooling conditions
[27-30]. The type of cooling (air or water) plays an
important role to improve the tensile properties of the joint
[26, 27]. Researchers’ findings have illustrated that the
tensile properties of SFSW joint are better than the FSW
joint [23, 25].

Liu et al. [26] investigated the tensile properties of
AA2219 based on the use of air and water as coolants. The
results showed the increased tensile strength of the joint in
the SFSW due to the grains refinement and increase of
dislocation density. Also, Wang et al. [31] obtained similar
results in the SESW of AA7055. The results showed that
the tensile strength of the joint in the water environment
increased by 15% compared to the air, which was due to
the improvement of the thermal cycle and its effect on the
solid solution strengthening. Kishta and Darras [32]
investigated the tensile properties of the non-heat-treat-
able AAS5083 in the air and water cooling environments.
The results showed the increased tensile strength of the
joint in the SFSW and approached to the strength of the
base metal.

On the other hand, variations in the tool rotational speed
[29, 32], welding speed [28, 33], and depth of tool pene-
tration also lead to changes in the frictional and stirring
conditions, thus affecting the tensile strength of the joint.
The SFSW of AA2219 shows that the increase of the tool
rotational speed to a certain level improves the tensile
strength of the joint due to the increase of strain-hardening
effect [23]. Also, with increasing the welding speed, the
tensile strength increases, which is due to the sufficient
heating and material stirring [28, 33]. The tensile strength
is less influenced by the changes in depth of tool penetra-
tion [29]. Increasing the depth of tool penetration results in
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increased forging operation and greater mixing of the
material, which causes increased tensile strength.

A review of the FSW and SFSW research shows that the
different variables influence the tensile strength of the joint
and in most studies, and the effects of each parameter are
independently investigated. Therefore, considering the
advantages of FSW and SFSW in joining of aluminum
heat-treatable alloys, in this study, statistical analysis,
mathematical modeling, and optimization of parameters
affecting the yield strength and tensile strength of Al7075-
T6 butt joint was investigated for both processes. For this
purpose, the response surface methodology was selected as
the design of experiment method. Then, the statistical
analysis of the parameters affecting the yield strength and
tensile strength of the joints was studied. The accuracy and
precision of regression equations were evaluated using the
results of the ANOVA and regression analysis of experi-
mental data. Also, the effect of input variables such as tool
rotational speed, tool feed rate, tool tilt angle and tool
shoulder diameter on the yield strength and ultimate tensile
strength (UTS) of the joints was studied. According to the
review of FSW and SFSW, the most important innovation
of the present paper compared with the published research
is as follows: type of output parameters of the process, type
of input variables of the process, the method of experiment
design and statistical analysis (RSM), extracting the
regression equations of response parameters (yield strength
and ultimate tensile strength) and optimization of input
variables affecting the response parameters using the
desirability function.

2 Statistical Analysis and Optimization
of the FSW Process

Two important factors of yield stress and ultimate tensile
strength are used to evaluate the yield strength and tensile
strength of the produced joints in the FSW and SFSW
processes. The values of these two parameters are obtained
through the tensile test. Therefore, in the present study, the
yield strength and ultimate tensile strength of the joint were
selected as the response variables.

It should be noted that the applied force in FSW process
induced by welding input parameters, including tool
geometry, workpiece material and process parameters, play
a key role in this process. For a given set of tool and
material characteristics, changes in process parameters
result in variation of applied force. Pei and Dong [34]
calculated the applied force to the tool axis (F,) in the FSW
process from the following equation:

F,=n(R*—r*)P (1)

In this equation, R is the shoulder radius, r is the pin
radius, and P is the applied pressure by the tool shoulder on
the workpiece surface. The presented equation by Chen and
Kovacevic [35] can be used to calculate the axial pressure
(P). They predicted the heat generated (Q) in the “tool-
workpiece” interface by the following equation:

3.3
0= 27w),uP(3R r’) 2)

In this equation,  is the angular velocity of the tool, u
is the friction coefficient, P is the axial pressure, R is the
shoulder radius and r is the pin radius.

Based on the review research of the FSW, four vari-
ables, including tool rotational speed, tool feed rate, tool
shoulder diameter, and tool tilt angle (deviation angle rel-
ative to the vertical axis), were selected as the experimental
input variables, and each of them was investigated at five
levels. The range of changes in each of these factors was
determined based on the initial experiments that were
successful (Table 1).

Table 2 shows the parameters that have not been con-
sidered as variable during the FSW and SFSW processes.

It should be noted that the input variables of the SFSW
and their levels will be extracted and determined after the
statistical analysis and optimization of the FSW process.

2.1 Experimental Set-Up

In the current study, the response surface methodology has
been used as the design of experiments method [36-38]. In
most problems related to the RSM, the relationship
between the responses and the input variables is unknown.
So the target is to find an appropriate approximation of the
relationship between the response variable (y) and the set
of independent input variables (x). In this research, the
approximation function as a second-order model has been
used, which is written as follows:

k k
y= ﬁO + Zﬁixi + Z ﬂ,‘ixiz + Z Z ﬁijxixj +¢& (3)
i=1 =1 T

In the above equation, f, is the constant value, f; is the
linear coefficient, 8; is the quadratic coefficient, f3; is the
interaction coefficient, k is the number of independent
variables, and ¢ is the error value of the response.

The Design Expert software [39] has been used to
design experiments and statistical analysis. Table 3 shows
the design of the FSW experiments. As shown in Table 3,
seven experiments were repeated at the central levels of the
parameters.
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Table 1 Input variables and their range of changes in the FSW

Variable Symbol Unit -2 -1 0 +1 + 2
Tool rotational speed N rpm 400 600 800 1000 1200
Tool feed rate S mm/min 20 40 60 80 100
Tool shoulder diameter D mm 9 12 15 18 21
Tool tilt angle A Degree 0 1.5 3 4.5 6

Table 2 Fixed parameters in FSW and SFSW processes

Parameter Description or set value

Workpiece material Al17075-T6 alloy
10 mm
H13 tool steel

Grooved conical

Workpiece thickness
Tool material

Pin geometry

Depth of pin penetration 4 mm
Number of passes 1 pass
Direction of tool rotation Clockwise
Length of welding path 90 mm
Joint type Butt joint

The material of the experiment was the Al7075-T6.
Table 4 shows the chemical composition of the alloy.

The Al17075-T6 plates were subjected to aging treatment
in accordance with the AMSH6088 [41]. For this purpose,
the dissolution process was first done on the samples for
1 h at 480 °C. Then, the alloy plates were subjected to
quenching to obtain a super-saturated solid solution. Sub-
sequently, the artificial aging was done on the samples for
24 h at 120 °C. Finally, the alloy plates were cooled in air.

The FSW tools were made of H13 tool steel in five
shoulder diameters of 9, 12, 15, 18 and 21 mm and with a
grooved conical geometry in the pin. The shoulder and pin
diameters were indicated by “a” and “d”, respectively, in
Fig. 2.

Figure 3 shows the placement of the parts in the form of
butt joint in the fixture. Then, the FSW tests were done
according to the 31 parameter combinations listed in
Table 3 using the FP4MK universal milling machine
(Fig. 4). Figure 5 shows a sample of the produced butt
joint.

The tensile test has been used to measure the yield
strength and ultimate tensile strength of the welded joints.
For this purpose, the tensile specimens were produced
according to the ASTM ES8. The samples were extracted
perpendicular to the FSW path using wire-EDM machine.
Then, each sample was tested at the room temperature
using an INSTRON tensile machine at a feed rate of 2 mm/
min. Figure 6 shows some of samples which fractured after
the tensile test.

@ Springer

The measurement results of the yield strength and ulti-
mate tensile strength of the FSW joints are presented in
Table 3.

2.2 Results Analysis

Data analysis was performed using analysis of variance
(ANOVA). Regression analysis was also used to create the
mathematical equations between the response variables and
input parameters [42]. The confidence level (o) was equal
to 0.05. Tables 5 and 6 show the results of the ANOVA of
the regression model for the yield strength and ultimate
tensile strength of the produced joints in the FSW,
respectively.

The effectiveness of a term is determined by its P value.
The smaller P value of a term is related to its more
meaningful value in the model. Therefore, with « = 0.05
and based on the ANOVA results, the first-order parameter
N (tool rotational speed), the interactional term N.D (tool
rotational speed multiplied by the tool shoulder diameter)
and the second-order term N? (squared of the tool rotational
speed) are the most important terms affecting the yield
strength of the joints. The first-order parameter N (tool
rotational speed) and the second-order term N* (squared of
the tool rotational speed) have been identified as the most
important terms affecting the ultimate tensile strength of
the joints.

The “lack of fit” test is used to validate the regression
model. By confirming the non-meaningful of the “lack of
fit” test (Prackof fit > 0.05), it can be concluded that the
model can fit well to the data. As shown in Tables 5 and 6,
the “lack of fit” test for the response variables is not
meaningful, and thus the presented model shows the data
trend correctly. On the other hand, the best analysis is done
when regression term is significant, and the “lack of fit”
term is insignificant simultaneously [42]. Therefore,
regarding the P values (Tables 5, 6), it can be seen that the
regression term is significant, and the “lack of fit” term is
insignificant. Hence, the ability of the fitted model to pre-
dict the changes of response variables as a function of input
variables is confirmed.

The residual is defined as the difference between the
response in the experimental test and the predicted
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Table 3 Design of FSW experiments and measurement results

Test no. Input variables

Response variables

Rotational speed (V)

Feed rate (S) Shoulder diameter (D) Tilt angle (A) Tensile strength (MPa) Ultimate tensile strength (MPa)

NeoRie SRR e Y N S

W W N D NN D NN NN = = = == == = = =
— O 0O 0 NNl WD = O 0 XN R WD~ O

S = = = O O = O O N = O = = = = O = = = = = = O O O © = O N O

N — —m m, OO0, 000 ~, O R,k kO Rk Rmmm,—_,ONOOR~,O OO

—_ ek O O = O NO = O ke N om0 000 =0 OO

(=]

2 298 350
0 392 430
0 385 435
1 370 398
0 385 435
0 385 435
0 390 432
0 385 435
1 302 355
1 370 390
1 285 331
1 270 308
1 298 362
1 252 317
0 310 370
1 275 320
1 267 313
1 288 347
1 290 345
0 385 435
1 372 415
0 255 315
0 391 445
0 385 435
1 270 312
2 364 430
0 385 435
1 308 371
1 261 320
1 265 322
0 314 365

Table 4 Chemical composition of Al7075-T6 [40]

Element Weight percent (%)
Al 87.1-91.4

Zn 5.1-6.1

Mg 2.1-2.9

Cu 1.2-2

Fe 0.5

Si 04

Mn 0.3

Cr 0.18-0.28

Ti 0.2

response by the regression model. The normal probability
graph has been used to evaluate the accuracy of the normal
distribution of the residuals. As shown in Fig. 7, generally,
the residuals in both graphs follow a straight line, and there
is no evidence that they are abnormal and asymmetrical.

2.2.1 Yield Strength
The following relationship presents the regression equation

of the yield strength as a function of the coded input
variables:

@ Springer
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Fig. 2 Design and manufacture
a sample of FSW tool

(a) Section view

Workpiece (A17075 plate)

Fig. 3 Arrangement of the parts in the fixture

Fig. 4 Execution of the FSW process

(Yield Stress) 4= 0.43 — 0.011N — 1.292 x 10%S
— 6.621 x 107D +4.431 x 10734 — 0.013ND
+ 0.018N? +0.0118> 4 0.012D* 4 0.015A>
(4)

Regarding the calculation of the regression equation, the
yield strength of the joints can be predicted in terms of the
input variables before the FSW execution. As can be seen
in Eq. (4), the linear effect of input variables on the yield
strength according to their importance are as follows: tool

@ Springer

(b) Detailed view of B region

(c) 3D view of FSW tool

(d) FSW tool

Fig. 5 A sample of butt joint in the FSW

rotational speed, tool shoulder diameter, tool tilt angle and
tool feed rate. Also, the quadratic effect of input variables
according to their importance are as follows: tool rotational
speed, tool tilt angle, tool shoulder diameter and tool feed
rate.

On the other hand, the changes of response variable
according to the input variables can be represented as the
3D surface plots. As can be seen in Fig. 8a, adjusting the
values of tool rotational speed and tool shoulder diameter
in the range of maximum level results in the maximum
yield strength. Therefore, if a tool with a shoulder diameter
of 21 mm is used, and rotational speed increases from 400
to 1200 rpm, will increases the yield strength. In this sit-
uation, an increase of the tool rotational speed increases the
frictional heat. On the other hand, the created frictional
heat by increasing the contact surface of the tool and the
workpiece (increasing the tool shoulder diameter) results in
more efficient mixing of the material in the joint seam,
which results in an increase in the yield strength.
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Fig. 6 A number of fractured joints (FSW)
2.2.2 Ultimate Tensile Strength
The following relationship presents the regression equation

of the ultimate tensile strength as a function of the coded
input variables:

(UTS) %= 0.16 — 7.563 x 107N — 1.007 x 1073
— 4.078 x 103D 4+ 3.517 x 107 A + 0.013N?
+ 8.71 x 107382 +7.646 x 1073D* 4 9.902
x 107342
(5)

Regarding the calculation of the regression equation, it
is possible to select the appropriate combination of input
variables to achieve the maximum ultimate tensile strength.
As can be seen in Eq. (5), the linear effect of input
variables on the ultimate tensile strength according to their
importance, are as follows: tool rotational speed, tool
shoulder diameter, tool tilt angle and tool feed rate.

As shown in Fig. 8b, adjusting the values of tool feed
rate and tool tilt angle in the range of central level results in
the maximum ultimate tensile strength. Also, by adjusting
the tool tilt angle to a specified value, decreasing the tool
feed rate reduces the ultimate tensile strength due to the
increased heat input to the joint seam. On the other hand,
increasing the tool feed rate leads to lower heating and
undesirable stirring of the material, which leads to a
decrease in the ultimate tensile strength and the make of
microstructural defects.

2.3 Optimization and Verification

In this study, the desirability method is used as an opti-
mization technique [42]. The purpose of the desirability
function is to maximize the response variables (yield
strength and ultimate tensile strength). Therefore, the
desirability function is defined as follows:

Table S ANOVA of the regression model for the yield strength of FSW joints

Source of variation Sum of squares Degrees of freedom Mean square F value P value
Model 2.453E — 003 9 2.726E — 004 9.33 < 0.0001
N (rotational speed) 7.709E — 004 1 7.709E — 004 26.39 < 0.0001
S (feed rate) 1.002E — 005 1 1.002E — 005 0.34 0.5643
D (shoulder diameter) 2.631E — 004 1 2.631E — 004 9.01 0.0068
A (tilt angle) 1.178E — 004 1 1.178E — 004 4.03 0.0576
N.D 1.704E — 004 1 1.704E — 004 5.83 0.0249
N? 5.689E — 004 1 5.689E — 004 19.47 0.0002
52 2.317E — 004 1 2.317E — 004 7.93 0.0103
D? 2.451E — 004 1 2.451E — 004 8.39 0.0086
A? 4.093E — 004 1 4.093E — 004 14.01 0.0012
Residual 6.134E — 004 21 2.921E — 005 - -

Lack of fit 6.134E — 004 15 4.089E — 005 0.67 0.4531
Pure error 0 6 0 - -

Total 3.067E — 003 30 - - -

@ Springer
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Table 6 ANOVA of the regression model for the ultimate tensile strength of FSW joints

Source of variation Sum of squares Degrees of freedom Mean square F value P value
Model 1.065E — 003 8 1.331E — 004 9.46 < 0.0001
N (rotational speed) 3.432E — 004 1 3.432E — 004 24.40 < 0.0001
S (feed rate) 6.087E — 006 1 6.087E — 006 0.43 0.5175
D (shoulder diameter) 9.977E — 005 1 9.977E — 005 7.09 0.0142
A (tilt angle) 7.423E — 005 1 7.423E — 005 5.28 0.0315
N? 2.870E — 004 1 2.870E — 004 20.40 0.0002
s? 1.356E — 004 1 1.356E — 004 9.64 0.0052
D? 1.045E — 004 1 1.045E — 004 7.43 0.0123
A? 1.752E — 004 1 1.752E — 004 12.46 0.0019
Residual 3.094E — 004 22 1.406E — 005 - -

Lack of fit 3.094E — 004 16 1.934E — 005 0.54 0.3752
Pure error 0 6 0 - -

Total 1.374E — 003 30 - - -

Normal Plot of Residuals Normal Plot of Residuals
99| . 99— -
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In the above equation, the parameters L and U are the
lower and upper limits of the response value of Yy,
respectively. The form of the desirability function
depends on the weight field () that is used to describe
the degree of importance of the target values. In this study,
the weight value is equal to one (1), and the desirability
function will be defined in a linear mode. Table 7 shows
the optimal combination of input variables with the highest

@ Springer
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desirability value (0.976) to achieve the maximum values
of yield strength and ultimate tensile strength.

Therefore, given the high value of the desirability
function, it can be concluded that the optimization process
has successfully achieved the desired target. To verify the
optimum input parameters, the experimental test is per-
formed by a tool shoulder diameter of 18 mm, and with
adjusting the tool rotational speed, tool feed rate and tool
tilt angle in the range of optimum values. The small dif-
ference between the optimization results and the experi-
mental test confirms the accuracy and precision of the
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Yield Stress (MPa)

(a) Yield strength (The effect of N and D)

UTS (MPa)

A (degree)

(b) Ultimate tensile strength (The effect of S and A)

Fig. 8 Influence of input variables on the yield strength and ultimate tensile strength of FSW joints

optimization process to determine the optimal combination
of input variables (Table 8).

3 Statistical Analysis and Optimization
of the SFSW Process

Since the tool rotational speed (V) and tool shoulder
diameter (D) have been identified as the most important
linear terms affecting the yield strength and ultimate tensile
strength of the FSW joints (Tables 5, 6), and also since the
optimum values of the input variables of the FSW are
calculated and verified, two variables of tool rotational
speed (N) and tool shoulder diameter (D) have been
selected as the input variables of the SFSW, and each of
them has been investigated at three levels (Table 9). Also,
the values of the tool feed rate (S) and tool tilt angle (A) are
fixed at the optimum values obtained from the FSW
process.

Table 7 Optimal values of FSW input variables

3.1 Experimental Set-Up

Table 10 shows the design of ten SFSW experiments, in
which two experiments will be repeated at the central
levels of the parameters.

Figure 9 shows the placement of the plates in the fixture.
As can be seen, the fixture and the workpieces are sub-
merged in a water tank. According to Fig. 10, the value of
water depth in which the tool and workpiece are submerged
is equal to 55 mm.

The SFSW experiments have been performed according
to the 10 parameter combinations listed in Table 10 using
the FP4AMK universal milling machine (Fig. 10). Figure 11
shows an example of the produced butt joint by the SFSW.

Similar to the FSW, the tensile test is used to measure
the response variables. Figure 12 shows the broken joints
after the tensile test. The measurement results of the yield
strength and ultimate tensile strength of the SFSW joints
are presented in Table 10.

Variable type Variable name Unit Optimal value
Input Tool rotational speed rpm 971.47

Tool feed rate mm/min 62.59

Tool shoulder diameter mm 18.14

Tool tilt angle Degree 2.05
Response Yield strength MPa 415.963

Ultimate tensile strength MPa 445.001

@ Springer
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Table 8 The results obtained from optimization and verification test

Response variable (MPa) Optimization

Verification test Difference percent (%)

415.963
445.001

Yield strength
Ultimate tensile strength

392 5.76
420 5.62

3.2 Results Analysis

Tables 11 and 12 show the results of the ANOVA of the
regression model for the yield strength and ultimate tensile
strength of the produced joints in the SFSW, respectively.

Given oo = 0.05 and based on the results of the ANOVA,
the first-order parameter N (tool rotational speed) and the
second-order term D? (square of the tool shoulder diame-
ter) are the most important terms affecting the yield
strength of the joints as well as the second-order term N*
(square of the tool rotational speed) is the most important
term affecting the ultimate tensile strength of the joints.

As can be seen in Tables 11 and 12, the “lack of fit” test
for the response variables is not meaningful, and thus the
presented model clearly shows the data trend. On the other
hand, it is found that the regression term is significant, and
the “lack of fit” term is insignificant. Therefore, the ability
of the fitted model to describe and predict the changes of
response variables as a function of input variables is
confirmed.

The following relationship presents the regression
equation of the yield strength as a function of the coded
input variables:

(Yield Stress)’ = 3.243 x 107 + 6.098 x 10°N
— 7.774 x 10°D — 2.005 x 10°ND
+ 1.535 x 10'N? +2.618 x 10’D?

(7)

As can be seen in Eq. (7), the linear effect of input
variables on the yield strength according to their
importance are as follows: tool rotational speed and tool
shoulder diameter. Also, the quadratic effect of input
variables according to their importance are as follows: tool
shoulder diameter and tool rotational speed. As shown in
Fig. 13a, with increasing or decreasing the values of tool
rotational speed and tool shoulder diameter relative to the

Table 9 Input variables and their range of changes in the SFSW

central level (1000 rpm and 18 mm), the yield strength of
the joints increases. It should be noted that an excessive
increase in the tool rotational speed or tool shoulder
diameter results in increased heat input to the joint and
decrease its strength.

The following relationship presents the regression
equation of the ultimate tensile strength as a function of the
coded input variables:

(UTS) ® = 1.745 x 107® — 6.814 x 107'°N
+ 8393 x 107''D +3.371 x 107°ND  (8)
—3.999 x 107°N? —3.416 x 107°D?

As can be seen in Eq. (8), the linear effect of input
variables on the ultimate tensile strength according to their
importance are as follows: tool rotational speed and tool
shoulder diameter. Also, the quadratic effect of input
variables according to their importance are as follows: tool
rotational speed and tool shoulder diameter. As shown in
Fig. 13b, similar to the yield strength trend, by increasing
or decreasing the values of the tool rotational speed and
tool shoulder diameter relative to the central level
(1000 rpm and 18 mm), the ultimate tensile strength of
the joint increases. It should be noted that excessive
reduction of tool rotational speed results in a reduction of
the stirring effect of the tool, which results in a reduction of
the tensile strength.

3.3 Optimization and Verification

Table 13 shows the optimal combination of input variables
with the highest desirability value (equal to 1) to achieve
the maximum values of yield strength and ultimate tensile
strength.

To verify the optimum combination, the experimental
test is performed by a tool shoulder diameter of 15 mm at a
rotational speed of 1200 rpm and adjusting the feed rate
and tilt angle, near the optimum values obtained by the

Variable Symbol Unit -1 0 +1
Tool rotational speed N rpm 800 1000 1200
Tool shoulder diameter D mm 15 18 21
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Table 10 Design of SFSW experiments and measurement results
Test no. Input variables Response variables
Rotational speed (V) Shoulder diameter (D) Tensile strength (MPa) Ultimate tensile strength (MPa)
1 1000 15 389 409
2 1000 18 321 392
3 800 15 412 461
4 800 21 417 472
5 800 18 327 398
6 1000 21 385 404
7 1000 18 321 392
8 1200 21 421 469
9 1200 15 431 480
10 1200 18 390 428

Fig. 10 Execution of the SFSW process

FSW process. The small difference between the opti-
mization results and the experimental test confirms the
accuracy and precision of the optimization process to
determine the optimal combination of input variables

(Table 14).

Fig. 11 A sample of butt joint in the SFSW
4 Conclusion

In this paper, statistical analysis and optimization of the
yield strength and tensile strength of Al7075 butt joint
produced by FSW and SFSW were performed using
response surface methodology and desirability approach.
The important results of this study are summarized as
follows:

e ANOVA results in the FSW process show that the first-
order parameter N (tool rotational speed), the interac-
tional term N.D (tool rotational speed multiplied by the
tool shoulder diameter) and the second-order term N°
(squared of the tool rotational speed) are the most
important terms affecting the yield strength of the
joints. Also, the first-order parameter N (tool rotational
speed) and the second-order term N (squared of the
tool rotational speed) have been identified as the most
important terms affecting the ultimate tensile strength
of the FSW joints.
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Fig. 12 The fractured joints in the tensile test (SFSW)

e Based on the ANOVA results in the SESW process, the
first-order parameter N (tool rotational speed) and the
second-order term D? (squared of the tool shoulder
diameter) are the most important terms affecting the
yield strength of the joints. Also, the second-order term
N? (squared of the tool rotational speed) is the most
important term affecting the ultimate tensile strength of
the SFSW joints.

The competency and adequacy of regression models
related to the yield strength and ultimate tensile
strength in both FSW and SFSW have been evaluated
by a “lack of fit” test and normal probability graph.
The ability of the fitted models to describe and predict
the changes of response variables is confirmed.

The regression equations have been calculated to
predict the values of yield strength and ultimate tensile
strength of the produced joints in both FSW and SFSW
as a function of the linear, interactional and quadratic
effects of input variables. Therefore, it is possible to
select the appropriate combination of input variables to
achieve the maximum response variables.

The regression equation of yield strength and ultimate
tensile strength in the FSW process shows that the
linear effect of input variables on the response variables
according to their importance is as follows: tool
rotational speed, tool shoulder diameter, tool tilt angle
and tool feed rate.

The regression equation of yield strength and ultimate
tensile strength in the SFSW process shows that the
linear effect of input variables on the response param-
eters according to their importance is as following: tool
rotational speed and tool shoulder diameter.

The surface plots in the FSW process show that
adjusting the values of tool shoulder diameter and tool
rotational speed close to the maximum level results in
the maximum yield strength of the joint. Also, adjusting
the values of feed rate and tilt angle of the tool close to
the central level result in the maximum ultimate tensile
strength of the joint.

The optimal values of the FSW and SFSW input
variables have been calculated to obtain the maximum
yield strength and ultimate tensile strength. The desir-
ability values are 0.976 and 1 for FSW and SFSW
processes, respectively. Therefore, the high values of

Table 11 ANOVA of the regression model for the yield strength of SFSW joints

Source of variation Sum of squares Degrees of freedom Mean square F value P value
Model 2.774E + 015 5 5.549E + 014 19.51 0.0065
N (rotational speed) 2.231E + 014 1 2.231E 4 014 7.84 0.0488
D (shoulder diameter) 3.626E + 012 1 3.626E + 012 0.13 0.7391
N.D 1.609E + 013 1 1.609E + 013 0.57 0.4939
N? 5.499E + 014 1 5.499E + 014 19.33 0.0117
D? 1.599E + 015 1 1.599E + 015 56.20 0.0017
Residual 1.138E + 014 4 2.845E + 013 - -
Lack of fit 1.138E + 014 3 3.793E + 013 0.26 0.4685
Pure error 0 1 0 - -
Total 2.888E + 015 9 - - -
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Table 12 ANOVA of the regression model for the ultimate tensile strength of SFSW joints

Source of variation Sum of squares Degrees of freedom Mean square F value P value
Model 8.059E — 017 5 1.612E — 017 8.62 0.0289
N (rotational speed) 2.786E — 018 1 2.786E — 018 1.49 0.2893
D (shoulder diameter) 4.226E — 020 1 4.226E — 020 0.023 0.8878
N.D 4.545E — 019 1 4.545E — 019 0.24 0.6479
N 3.731E — 017 1 3.731E — 017 19.95 0.0111
D’ 2.723E — 017 1 2.723E — 017 14.56 0.0189
Residual 7.481E — 018 4 1.870E — 018 - -

Lack of fit 7481E — 018 3 2.494E — 018 0.33 0.7938
Pure error 0 1 0 - -

Total 8.807E — 017 9 - - -

Yield Stress (MPa)

400 —

380 —

320

300 —

Actual Factors
A:N=1000 rpm
B:D =18 mm

-1.000 -0.500 0.000 0.500 1.000

Coded design level

(a) Yield strength (The effect of N and D)

430

420 —

410 —

400 —

UTS (MPa)

390 —

380 —

Actual Factors
A:N=1000 rpm
B:D =18 mm

-0.500 0.000

0.500

Coded design level

Fig. 13 Effect of input variables on the yield strength and ultimate tensile strength of SFSW joints

Table 13 Optimal values of SFSW input variables

(b) Ultimate tensile strength (The effect of N and D)

Variable type Variable name Unit Optimal value
Input Tool rotational speed rpm 1200
Tool shoulder diameter mm 15
Response Yield strength MPa 435.929
Ultimate tensile strength MPa 481.875

Table 14 The results obtained from optimization and verification test

Response variable (MPa) Optimization Verification test Difference percent (%)
Yield strength 435.929 431 1.13
Ultimate tensile strength 481.875 480 0.39

desirability function indicate that the optimization
process has successfully achieved the research targets.

The small differences between the optimization results
and the verification experiments (less than 6% for the
FSW and less than 2% for the SFSW) confirm the
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accuracy and precision of the optimization process to
determine the optimal combination of input variables.
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