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Abstract Response surface methodology was employed to
optimize effective factors during friction stir welding of
AA7075 aluminum alloy. The effect of operational param-
eters on the ultimate tensile strength of welded joints was
studied. Five levels of the tool rotation speed, the welding
speed, the shoulder diameter, and the pin diameter in the
range of 350-650 rpm, 35-95 mm/min, and 12-18 and 4—
6 mm were investigated using a central composite design. In
order to have rotatable and orthogonal design, 36 experiments
consisting of 12 center points were conducted. Moreover, the
distance of each axial point from the center point was 2. All
welded joints were defect free. The statistical model showed
that the welding speed and the rotation speed compared to the
shoulder diameter and the pin diameter have greater impact
on the response. It was found that the joint efficiency of 85%
was achievable under the intermediate rotational speeds and
the high welding speeds using a tool with the moderate shoul-
der diameters and the large pin diameters. The joint produced
using the rotation speed of 513 rpm and the welding speed of
95 mm/min, the shoulder diameter of 16.1 mm and pin diam-
eter of 5 mm yielded the highest joint strength. This joint had
a joint efficiency of about 94%.
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1 Introduction

AA7075 aluminum alloy (Al-Zn—-Mg—Cu) is one of the high-
est strength aluminum alloys in industrial use today. High
strength, light weight, and natural aging characteristics make
it attractive for aircraft structural applications and aerospace
constructions. The high strength of AA7075 stems from
MgZn, and Al,CuMg precipitates; moreover, the Cr-bearing
phase (Al;Cr) present in the structure provides the opportu-
nity for controlling the grain structure. On the other hand,
AA7075 aluminum alloy has relatively poor fusion weld-
ability because it is susceptible to hot cracking in the fusion
zone and the partially melted zone, and loss of strength due
to overaging in the heat-affected zone (HAZ) during fusion
welding processes [1].

Generally, in friction stir welding (FSW), as a solid-state
joining process, a non-consumable rotating and traversing
tool is employed to stir the material alongside the joint line.
The contact between the tool and the workpiece material pro-
vides the heat required for reducing the material flow stress.
The tool also produces the force required for plastic defor-
mation. FSW can improve the weld-ability of high-strength
precipitation-hardening 7xxx aluminum alloys [2,3]. The
pertinent factors in the welding process significantly affect
the joint properties through heat generation and material flow.
Therefore, correct identification of the effect of the welding
parameters such as rotation speed, welding speed, shoul-
der diameter, and pin diameter plays the crucial role in the
mechanical properties and the consequent welding quality.

Various statistical and mathematical methods including
regression, Taguchi, response surface methodology (RSM),
and artificial neural network have been used by researchers
to model the process parameters in friction stir welding
[4-15]. However, RSM with central composite design has
proved superior to predict responses, investigate influence of
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parameters and identify an optimized point. Among numer-
ous studies on FSW of aluminum alloys, only in limited
works the design of experiment (DOE) strategies, particu-
larly response surface methodology, have been applied for
developing the models between the process variables and
the mechanical properties, and optimization purposes. For
instance, Rajakumar et al. [9] developed an empirical rela-
tionship to predict the tensile strength of friction-stir-welded
AA7075-T6 aluminum alloy joints by RSM. Elangovan
et al. [10,11] developed a mathematical model to predict
the tensile strength of the friction-stir-welded AA6061 and
AA2219 aluminum alloy by incorporating process parame-
ters. Padmanaban and Balasubramanian [12] developed an
empirical relationship to predict the tensile strength of fric-
tion stir-welded AZ31B magnesium alloy. Moreover, Safeen
et al. [13] developed mathematical models for predicting
mechanical properties of the friction-stir-welded AA6061-
T6 joints using response surface methodology and found
optimum conditions and examined influence of process
parameters. The rotational speed was identified as more sig-
nificant parameter than welding speed for ultimate tensile
strength (UTS). Ghaffarpour et al. [14] optimized the FSW
parameters in order to attain the highest tensile strength of
tailored welded blank sheets made from aluminum alloys
of 5083-H12 and 6061-T6. They showed that the rota-
tional speed and the diameter tool had the most and the
least effect on tensile strength, respectively. Ramachandran
et al. [15] developed a central composite-response surface
method model to predict the ultimate tensile strength of
friction-stir-welded dissimilar aluminum alloy AA5052 H32
and HSLA steel IRS M-42-97. They reported that the UTS of
the joint was very sensitive to the primary FSW parameters
such as tool rotational speed, welding speed, axial force and
tool tilt angle, and the ranges of FSW parameters that could
produce substantial joint strength were very narrow. In most
of these studies [4—12], the range of process parameters was
wide, and hence some samples had a defect. However, the
response of these samples were used to develop the mod-
els. Also, the effects of the process parameters on the joint
strength are discussed without considering the interactions
between parameters.

In the work presented in this paper, the influence of opera-
tional parameters on the joint strength of friction-stir-welded
AA7075 aluminum alloy and the interaction between them
were studied using response surface methodology (RSM).
Rotation speed and welding speed as process factors and
shoulder diameter and pin diameter as tool factors were con-
sidered in the model; besides, the optimal conditions were
specified. It should be noted that the range of process param-
eters was specified by some preliminary welding experiments
and FSW window was developed for AA7075-T6. In other
words, all welded samples used in the model were sound and
without defect.

Springer

2 Materials and Methods
2.1 Design of Experiments

Central composite design (CCD) was used as the experimen-
tal design in this study. Four factors, namely rotation speed,
welding speed, shoulder diameter, and pin diameter, were
investigated in five levels. Thirty-six experimental runs con-
sisting of 16 (2* = 16) factorial points, eight axial points and
twelve center points were generated according to the princi-
ple of response surface methodology (RSM) using MINITAB
Releasel6. The distance of each axial point from the center,
the value of «, is 2. This value («) along with the number of
center points were chosen to have a rotatable and orthogonal
design. The experiments and levels employed for different
parameters, based on the CCD, are given in Table 1.

It should be noted that numerous experiments had been
performed to determine the process window before carry-
ing out main runs. According to these preliminary welding
experiments, the range of each factor were chosen to pro-
duce a sound and defect-free weld in all samples. In order to
insure that the fabricated samples were defect free, all welded
joints were cross-sectioned. Then, the cross sections were
evaluated by visual inspection and under a light microscope.
The macrostructure of the cross section of several samples
is shown in Fig. 1. As it is apparent in the macrographs, the
samples are free of any defect such as tunnel, excessive flash,
lack of penetration, oxide entrapment nugget collapse, and
material loss at anvil.

Assuming that a quadratic polynomial regression model
can predict the response variable, oy, a second-order poly-
nomial equation is utilized to model the process. The
second-order polynomial model in terms of the four inde-
pendent factors is expressed by Eq. (1).
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In Eq. (1), oys is the UTS of friction stir welded joints, by
is the intercept, b;, b;; and b;; (i and j = 1,2,3 and 4)
are the coefficients of linear, quadratic and interaction terms,
respectively.

Analysis of variance (ANOVA) was applied to evaluate
whether the full quadratic model is statistically significant
at 95% confidence level. In addition, accuracy and precision
of the model were investigated using P value and correlation
coefficient. Based on these techniques, if the calculated value
of the P value for the developed model and their constants
was less than the standard P value (=0.05), the relation would
be significant within the confidence limit. Finally, the model
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was used to predict the optimum level of the factors resulting
in maximum or fairly high UTS of the joint.

2.2 Experimental Procedure

AA7075-T6 aluminum alloy sheets with the thicknesses of
5 mm were used in this investigation. The composition of

the as-received sheet was (by wt%): 5.6 Zn, 2.1 Mg, 1.2 Cu,
0.58 Si, 0.35 Fe, 0.12 Mn, 0.01 Ti, 0.19 Cr, and 0.01 Ni. The
250 x 100 mm pieces were extracted from the sheets and
welding experiments were conducted under different con-
ditions as listed in Table 1. The direction of welding was
normal to the rolling direction. Friction stir welds were per-
formed on the aluminum sheets using a 25 kW FSW machine

Table 1 Results of ultimate tensile strength of friction-stir-welded joints based on design of experiment

Factors Uncoded welding parameters Coded welding parameters UTS

Rotation Welding Shoulder Pin Rotation Welding Shoulder Pin

speed speed diameter diameter speed speed diameter diameter
Symbol R w D P A B C D Outs
Sample nos. (rpm) (mm/min) (mm) (mm) (MPa)
1 425 50 13.5 4.5 -1 -1 -1 -1 465
2 575 50 13.5 4.5 1 -1 -1 -1 444
3 425 80 13.5 4.5 -1 1 -1 -1 460
4 575 80 13.5 4.5 1 1 -1 -1 423
5 425 50 16.5 4.5 -1 -1 1 -1 450
6 575 50 16.5 4.5 1 -1 1 -1 436
7 425 80 16.5 4.5 -1 1 1 -1 462
8 575 80 16.5 4.5 1 1 1 -1 448
9 425 50 135 5.5 -1 -1 -1 1 448
10 575 50 135 5.5 1 -1 -1 1 433
11 425 80 135 5.5 -1 1 -1 1 480
12 575 80 135 5.5 1 1 —1 1 459.3
13 425 50 16.5 55 -1 —1 1 1 428
14 575 50 16.5 55 1 —1 1 1 422
15 425 80 16.5 55 —1 1 1 1 466
16 575 80 16.5 55 1 1 1 1 476
17 350 65 15 5 -2 0 0 0 440.6
18 650 65 15 5 2 0 0 0 415
19 500 35 15 5 0 -2 0 0 458
20 500 95 15 5 0 2 0 0 487
21 500 65 12 5 0 0 -2 0 448
22 500 65 18 5 0 0 2 0 427
23 500 65 15 4 0 0 0 -2 458
24 500 65 15 6 0 0 0 2 472
25 500 65 15 5 0 0 0 0 466
26 500 65 15 5 0 0 0 0 461.5
27 500 65 15 5 0 0 0 0 455
28 500 65 15 5 0 0 0 0 459.5
29 500 65 15 5 0 0 0 0 453
30 500 65 15 5 0 0 0 0 452
31 500 65 15 5 0 0 0 0 458
32 500 65 15 5 0 0 0 0 464
33 500 65 15 5 0 0 0 0 465
34 500 65 15 5 0 0 0 0 463
35 500 65 15 5 0 0 0 0 457
36 500 65 15 5 0 0 0 0 456
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Fig. 1 Optical microscope
images showing cross-sectional
macrostructure of the welded
samplesa 5, b 13,¢17,d 18,
e2]l and f22

(Model Stir Zone-IMS5). Single-pass welding procedure was ~ made of hot die H13 steel and heat-treated to achieve the
used to produce the square butt joints. The welding tools,  hardness of 52 Rockwell C. In this research, dwell time after
consisted of a threaded cylindrical pin and a flat shoulder,  plunge, backward tool tilt angle, and the thread pitch on the

@ Springer



Arab J Sci Eng (2017) 42:4905-4916

4909

pin, are kept constant at 10 s, 3° and 1 mm/thread, respec-
tively. Six lateral mechanical clamps were used to secure two
workpiece in position. During welding process, air with flow
rate of 100 ml/min was blew to cool the weld zone behind
the spindle.

In this study, chemical composition was determined using
optical emission spectroscopy (OES). Small-size specimens
(Type A) with the gage length of 50 mm were fabricated
according to American Society for Testing of Materials
(ASTM) standard E8 to evaluate the tensile properties. Three
tensile specimens were extracted from each welded samples.
The tensile test was carried out using a ZWICK 100 kN servo-
controlled universal testing machine with a cross head speed
of 5 mm/min at room temperature.

3 Results and Discussion
3.1 Model Fitting

The UTS of the 36 combinations of the factor levels limiting
from 415 to 487 MPa is listed in Table 1. All tensile spec-
imens failed outside the stir zone. In Fig. 2, the location of
fracture in relation to the stir zone for several tensile speci-
mens are presented. The fracture surfaces of the samples 17
and 18 are shown in Fig. 3. The fracture surface of these
samples includes regions, which indicate the brittle fracture.
These regions are surrounded by dimples, which are associ-
ated to the strengthening precipitates and indicate the ductile
fracture. This type of the fracture is known as quasi-cleavage.
This mode of the fracture has observed in the aluminum alloy
AA7075 [16].

For determination of the regression coefficients of Eq. (1),
the P value of the regression coefficients (Table 2) were con-
sidered, i.e., a coefficient with P value lower than 0.05 is
significant and contributes to the final model. According to
the results presented in Table 2, all linear terms as well as the
second-order terms of the independent parameters, except
for the pin diameter, D, are significant at 5% significance

Fig. 2 Macrographs of
transverse tensile specimens
showing the position of fracture
and the SZ for the samples a 19
and b 20

Fig. 3 Scanning electron microscope micrographs of the fracture sur-
faces of the tensile specimens for the samples a 17 and b 18

level. Moreover, the interaction between the rotation speed
and the welding speed (AB), and the shoulder diameter and
the pin diameter (CD) are not statistically significant.

The final coded statistical model for the prediction of UTS
is expressed in Eq. (2).

ous(MPa) = 460.1 — 7.0A + 8.67B — 2.8C
+2.2D —8.0A%> +3.2B> —5.5C?
+44AC+34AD+52BC+95BD (2)

a
\7.}! @ Springer
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Table 2 Coefficients and their P values in coded condition

Term Coefficient Standard error P value
Constant linear 459.167 1.4472 0.000
A —7.042 1.0233 0.000
B 8.597 1.0233 0.000
C —2.764 1.0233 0.013
D 2.181 1.0233 0.045
Quadratic
A? 7.948 0.8862 0.000
B? 3.219 0.8862 0.002
c? 5.531 0.8862 0.000
D? 1.314 0.8862 0.144
Interaction
AB —0.354 1.2533 0.780
AC 4.354 1.2533 0.002
AD 3.396 1.2533 0.013
BC 5.229 1.2533 0.000
BD 9.521 1.2533 0.000
CD 2.021 1.2533 0.122

In Table 3, ANOVA results for the second-order model, Equa-
tion (2), are listed. The ANOVA indicates that the regression
of the model is appropriate (P value <0.0001); that is, the
model is statistically significant. The P value corresponding
to the lack of fit of the model is 0.359 (>0.05) and thus
it is insignificant. As given in Table 3, the value of R2,
which indicates model fitting (goodness of fit), is 94.52%
and acceptable for the developed model. Also, the value of
adjusted R2, Rz(adj), which indicates effectiveness of the
model, is 90.86% and is acceptable.

Table 3 The results of ANOVA test

df SS MS F value P value
Total 35 9621.94 - - -
Regression 14 9094.19  649.59 25.85 0.000
Residual error 21 527.75 25.13 - -
Lack of fit 10 280.58 28.06 1.25 0.359
Pure error 11 247.17 22.47 - -
R? 9452 - - - -

df Degree of freedom, SS sum of squares, MS, mean squares

In order to confirm the regression model, a joint was pre-
pared under the conditions given in Table 4. The experimental
UTS of this joint was compared with the predicted value as
following:

Real value — Predicted value

Error % = 100

X

3

Predicted value

The percentage of error is 0.82, which indicates good ability
of the model to predict the response.

3.2 Effect of Parameters on UTS

The influence of each parameter on the UTS of the friction stir
welded joints was independently analyzed. For this purpose,
the relationship between the UTS and the given parameter is
evaluated by adjusting the level of other parameters at zero
level.

The peak processing temperature and the cooling rate
are important considerations during FSW process. In pre-
cipitation hardening aluminum alloys such as AA7075, the
strengthening precipitates present in the base metal prior to
FSW are generally dissolved in the stir zone (SZ), while these
precipitates coarsen in the HAZ. The extent of the coarsen-
ing of precipitates or overaging depends on the cooling rate
[17]. Itis generally desirable to maintain a peak and working
temperature as high as possible during FSW [18].

3.2.1 Rotation Speed

The variations of the UTS of the joints versus the rotation
speed are shown in Fig. 4. By increasing the rotation speed,
the UTS increases first and then decreases. The similar trend
has been observed for precipitation-hardening aluminum
alloys in the literature [8—10]. In these studies, it has been
reported that the amount of heat due to friction increases
in the higher rotation speeds and this leads to an excessive
release of stirred material to the upper surface; consequently,
the defects such as tunnel are produced in the SZ and the
location of fracture shifts from a position with a minimum
hardness in the HAZ for sound welds to the SZ [10,19].
However, the fracture site of all tensile specimens appears
in the HAZ in this investigation and hence a reason that has
been provided for a decrease in the strength by increasing the
rotation speed cannot be acceptable here.

Table 4 Comparison of

redicted and experimental Welding Rotation Welding Shoulder Pin Experimental Predicted
predicted and experumenta condition speed speed diameter diameter UTS (MPa) UTS
tensile strength in a different (rpm) (mm/min) (mm) (mm) (MPa)
conditions from DOE P
Uncoded value 450 60 15 5 462.5 458.72
Coded value —0.67 —0.33 0
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Fig. 4 Variations in the UTS of joints with changes in the rotation
speed

When the rotation speed increases from 350 to 500 rpm,
the UTS reaches a maximum value of 458.9 MPa (Fig. 4).
Above 500 rpm, the UTS of the joints decreases. The higher
tool rotation speeds result in greater friction heating at the
tool/workpiece interface. Up to 500 rpm, the peak process
temperature and the size of SZ increases with increasing
the rotation speed. As can be observed in Fig. 1c and f, the
SZ of the sample 25 with the rotation speed of 500 rom is
larger than that of the sample 17 with the rotation speed of
350 rpm. Furthermore, the cooling rate is seen to increase
with increasing the working temperature [7,18]. Therefore,
the UTS increases by increasing the lower rotation speeds
due to the higher peak temperature and the cooling rate.

The peak process temperature saturates as the inter-
face temperature and the heat generation are limited by
rapid material softening at 500 rpm. The peak temperature
increases to a point where workpiece material in the direct
vicinity of the tool significantly loses flow strength. Thus
strengthening, which would otherwise be anticipated to occur
due to an increase in strain rate at the higher rotation speeds,
cannot compensate for the effects of thermal softening. The
shear stress between material at the tool/workpiece interface
and the material far away it reduces. Due to the lower shear
stress on the material far away the tool, this material cannot
flow. Subsequently, material slip occurs at the tool/workpiece
interface and the size of SZ decreases at the higher rota-
tion speeds than 500 rpm. The heat generated by friction is
transferred to the smaller volume of material, and the temper-
ature in the SZ increases. As a consequence, the cooling rate
decreases, the time required for phase transformation such
as coarsening of precipitates, and the UTS decreases, since
the thermal energy generated is not completely utilized for
the development of the SZ. The similar behavior have been
found in the literatures [13, 14,20].

Note that Fig. 4 presents an intermediate rotation speed
where the UTS is greatest. Therefore, the rotation speed of
about 500 rpm can be considered as an optimum range for

FSW aluminum alloy AA7075 because the peak process tem-
perature and the cooling rate are maximum.

3.2.2 Welding Speed

The effect of the welding speed on the UTS of the joints is
shown in Fig. 5. The UTS decreases first and then increases
by the increase in the welding speed. As the welding speed
increases, the power increases [21,22]. On the other hand,
the heat input per unit length of weld can decrease when
the welding speed increases. At the welding speeds slower
than 50 mm/min, increasing the power is dominant, resulting
in the slower cooling rate and decreasing the UTS. How-
ever, above 50 mm/min, the increase in the welding speed
decreases the heat input per unit length of weld. This leads to
the slower cooling rate and the shorter time for metallurgical
transformation. In Fig. 6, microhardness distribution in the
cross section of the samples 19 and 20 are shown. As can
be seen in Table 1, the samples 19 and 20 were produced at
the welding speeds of 35 and 95 mm/min, respectively. Min-
imum hardness for the both samples appears in the HAZ;
however, the value of minimum hardness in the sample 19

490
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Tensile strength (Mpa)
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430
25 45 65 85 105

Welding speed (mm/min)

Fig. 5 Effects of the welding speed on the UTS of joints
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Fig. 6 Vickers microhardness distribution in the weld cross section of
the samples 19 and 20. Advancing side is on the right
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is lower than that in the sample 20. Hardness variation in
welded joints of precipitation-hardening aluminum alloys is
significantly affected by welding thermal cycle, and the type
and distribution of precipitates [23]. For the sample 19, the
welding speed is low, and thus the heat input per unit length
of weld is high and the cooling rate is slow. For this reason,
coarsening of precipitates occurs, and the hardness and the
UTS becomes lower.

The microstructure of several samples around the inter-
face between the SZ and the thermo-mechanically affected
zone (TMAZ) is shown in Fig. 7. The SZ consists of fine
equiaxed grains. Adjacent to the stir zone, there is a zone
known as TMAZ. In the TMAZ, the microstructure contains
the deformed elongated grains, which changed their direction
and drawn to the top side. Grain growth have been reported in
the HAZ. However, most of changes in this zone are related
to the metallurgical transformations such as reversion of pre-
cipitate, overaging, and solutionizing. For more details on
the microstructure, the readers are referred to other text [24].

3.2.3 Shoulder Diameter

The relationship between the UTS of the FSW joints and the
shoulder diameter is shown in Fig. 8. The analogous vari-
ations are reported in the papers [8—10]. The UTS of the
joints increases first and then decreases by enlargement of
the shoulder diameter. In other word, both the small and the
large shoulder diameters give rise to a loss of the UTS. The
shoulder diameter and the rotation speed (Fig. 4) have simi-
lar effect on the UTS because both factors control the peak
process temperature and the cooling rate. The larger shoul-
der diameter leads to the larger contact area between the tool
and the workpiece. In the shoulder diameters below 15 mm,
as the shoulder diameter enlarges, the peak process temper-
ature promotes, the SZ increases in size, and the cooling rate
becomes faster. As shown in Fig. 1d and e, the SZ of the sam-
ple 21 with the shoulder diameter of 12 mm is larger than that
of the sample 22 with the shoulder diameter of 18 mm. The
larger shoulder diameter than 15 mm can decrease the cooling
rate and increase the time available for metallurgical trans-
formations, i.e., the bigger precipitates form in the HAZ and
also the width, where coarsening occurs, is enlarged. Micro-
hardness profile in the cross section of the samples 21 and
22 is demonstrated in Fig. 9. The samples 21 and 22 are
produced by the shoulder diameter of 12 and 18 mm, respec-
tively. The size of a region where hardness is low is larger for
the sample 22 and its minimum hardness is lower (Fig. 9).
The results show that when the shoulder diameter increases,
both the size of a region where the precipitates grow and the
time for coarsening of precipitates increase, and hence both
the hardness and the UTS increase.

@ Springer

Fig. 7 Optical micrographs of the microstructure for the samples a 18,
b 20,c21,d 22
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Fig. 9 Vickers microhardness distribution in the weld cross section of
the samples 21 and 22. Advancing side is on the right

3.2.4 Pin Diameter

The changes of the UTS with the pin diameter are shown in
Fig. 10. The UTS of the joints increases with the pin diameter.
This is because of the fact that with enlargement of the pin
diameter, the SZ become larger and the process heat input
is transferred to the larger volume of material, resulting in
reducing the cooling rate in the HAZ. As can be observed in
Fig. la and b, the SZ of the sample 4.5 with the pin diameter
of 4 mm is larger than that of the sample 13 with the pin
diameter of 5.5 mm. The similar results were reported by
Rajakumar [8, 14]. By comparison with the other factors, the
pin diameter has the smaller impact on the UTS. On average,
increasing the pin diameter from 4.5 to 6 mm results in a
24 MPaincrease in the UTS. However, increasing the rotation
speed by the same factor (500-650 rpm) causes the UTS to
increase by 44 MPa.

Although, by increasing the pin diameter, the contact area
between the tool and the workpiece increases, the heat gen-
erated by the pin, O, is considerably smaller than the heat

Pin diameter (mm)

Fig. 10 UTS of joints as a function of the pin diameter

generated by the shoulder, Q. In this investigation, the ratio
of Qg to Qp is 7.7 (87-17%) [25].

3.3 Interactions of Parameters

In the cases where interaction between the factors is statisti-
cally significant, surface plots give more complete informa-
tion regarding the effect of factors on the response.

3.3.1 Welding Speed and Shoulder Diameter

The effects of the welding speed (W) and the shoulder diam-
eter (D) on the UTS of the joints are exhibited Fig. 11 when
the rotation speed and the pin diameter are 500 rpm and
5 mm, respectively. Joint efficiency, which is expressed as
a percentage, is the ratio of the UTS of a joint to the UTS
of the base metal. The area where the joints have a UTS
above 484.5 MPa (joint efficiency of 85%) is observed in
the high welding speed and the moderate to large shoulder
diameter. As the welding speed increases, the heat input per
unit length of weld and the width of the SZ decrease, the
cooling rate raises, and thus there is less time for solid-state
transformation. With increasing the shoulder diameter, due
to the larger contact area between the tool and the workpiece,
the peak process temperature increases and the cooling rate
reduces. As mentioned before, the loss of the strength in
AA7075 aluminum alloy joints is due to the coarsening of
the n’ precipitates and the dissolution of the fine particles
(GP zones) in the HAZ [17,26]. These processes depend on
solid-state diffusion, which requires both the time and the
adequate temperature. The time required for the solid-state
diffusion decreases by increasing the welding speed and the
heat input.

Contrary to the small area associated with joint efficiency
above 0.85, the area where the UTS of the joints is higher
than 456 MPa (joint efficiency is 80%) is large. At all welding
speeds, joint efficiency of 80% is achievable provided that
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Fig. 11 a Surface and b contour plot for the UTS of joints with respect
to the welding speed and shoulder diameter (the rotation speed and pin
diameter are at the zero level)

the shoulder diameter is correctly specified. At the higher
welding speeds, the proper range of the shoulder diameter
is wider. The narrowest range of the shoulder diameter is
observed from 45 to 60 mm/min.

When the welding speed is minimum (35 mm/min) and
the shoulder diameter is maximum (18 mm), the heat input
significantly increases and the area with the strength below
412 MPa is observed (Fig. 11). The slow welding speed
and the large shoulder diameter can increase the heat input,
decrease the cooling rate, and increase the retention time
required for metallurgical transformation. Therefore, in order
to achieve high-strength welded joints (joint efficiency of
85%), the high welding speed (90-95 mm/min) and the mod-
erate shoulder diameter (14.2-17.8 mm) must be chosen
(Fig. 11).

In Eq. (2), the coefficients corresponding to the terms B
and B? are higher than those of C and C? which indicates
the welding speed is more effective factor than the shoulder
diameter. The term BC indicates the interaction between the
two variables of the welding speed and the shoulder diameter.
According to Eq. (2), the term BC has the highest effective-
ness and the joint strength improves when the welding speed
and the shoulder diameter are set at coded level +2. If one
of the parameters is set at 4+1 or 42 and the other is set

@ Springer

at —1 or —2, the term BC becomes negative and the joint
strength decreases. Thus, in the cases that one of the parame-
ters is positive and the other is negative, the interaction of two
parameter has insignificant influence on the joint strength. On
the other hand, the combination of the high welding speed
and the low shoulder diameter or the low welding speed and
the high shoulder diameter leads to the relatively low joint
strength.

3.3.2 Rotation Speed and Shoulder Diameter

The variations of the UTS of the joints versus the rotation
speed (R) and the shoulder diameter (D) are shown in Fig. 12
when the welding speed is 65 mm/min and the pin diame-
ter is 5 mm. The rotation speed and the shoulder diameter
significantly affect the heat generation process in FSW. In
addition to the heat generation, the shoulder prevents exist-
ing soft materials from the weld zone and leads to returning
the materials to the weld zone [18]. Also, the rotation speed
influences material stirring and mixing in the SZ. As both the
rotation speed and the shoulder diameter increase, the heat
input increases, the cooling rate diminished, and the joint
strength decreases to below 412 MPa. The area where have
the maximum joint strength (>456 MPa or joint efficiency

(a)
Hold Values
450 W 65
P 5
420
UTS (MPa)
3%
40 . ®
S0 .‘ *
Rotatioan speed (rpm) &0 12 Shoulder diameter (mm)
18
outs
< 412.0

412.0 - 434.0
M 434.0 - 456.0
M 456.0 - 4845
] > 484.5

Hold Values
W 65
P s

Shoulder diameter (mm)

12
350 400 450 500 550 600 650

Rotation speed (rpm)

Fig. 12 a Surface and b contour plot of the UTS of joints versus the
rotation speed and shoulder diameter (the welding speed and pin diam-
eter are at the zero level)
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Table 5 Optimum conditions for FSW of AA7075-T6 aluminum alloy

Welding Rotation Welding Shoulder Pin

parameter speed speed diameter diameter
(rpm) (mm/min) (mm) (mm)

Coded value 0.1818 2 0.7483 2

Real value 513.65 95 16.12 6

of 80%) is in the rotation speeds of 380-530 rpm and the
shoulder diameters of 12.5-16 mm. It can be noted that the
peak process temperature and the cooling rate are high in
these ranges and hence a large SZ is produced while time
required for the metallurgical transformation is not high.

In Eq. (2), the coefficients of A and A? are higher than
those of C and C2, which indicates the rotation speed has a
more significant effect on the joint strength. At the positive
coded levels of the rotation speed and the shoulder diameter,
both of them have negative effect on the joint strength.

3.4 Optimization of Process Parameter

The optimization of a combination of the factor levels for
achieving the maximum UTS of the friction stir-welded joints
was carried out using the proposed second-order polynomial
model (Eq. 2). The optimum conditions are given in Table 5.
The predicted value of the UTS and the joint efficiency in the
optimum conditions are 535.5 MPa and 94%, respectively.

Furthermore, the optimal range of the rotation speed, the
welding speed, the shoulder diameter and the pin diameter to
produce a friction stir-welded joint with the joint efficiency
of 85% is 380-530 rpm, 90-95 mm/min, 14.2-17.8 and 5-
6 mm, respectively.

4 Conclusions

Modeling of FSW process was successful and the second-
order polynomial relationship between four factors including
the rotation speed, the welding speed, the shoulder diameter
and the pin diameter, and the UTS of friction stir-welded
AA7075 aluminum alloy joints was developed using the
CCD-RSM. The major results are as follows:

(1) According to the coded equation (Eq. 2), the most effec-
tive parameters on the UTS, response, are the welding
speed, the rotation speed, the shoulder diameter and the
pin diameter, respectively. The welding speed has the
most significant influence on the UTS.

(2) The interaction between all factors except the rotation
speed and the welding speed as well as the shoulder
diameter and the pin diameter is statistically significant.

(3) Based on the contour plot of the interaction between
the rotation speed and the shoulder diameter on UTS,
the area where have the maximum joint strength
(>456 MPa or joint efficiency of 80%) is in the rota-
tion speeds of 380-530 rpm and the shoulder diameters
of 12.5-16 mm. The peak process temperature and the
cooling rate are high in these ranges and hence a large
SZ is produced, while time required for the metallurgi-
cal transformation is not high.

(4) The joint efficiency of 94% (the UTS of 513 MPa)
can be obtained under the optimum welding conditions
of 514 rpm and 95 mm/min by using a tool consist-
ing of a shoulder with diameter of 16.1 mm and a pin
with diameter of 6 mm. Also, the joint efficiency of
85% is achievable under the operational parameters: the
rotation speed of 380-530 rpm, the welding speed of 90—
95 mm/min, the shoulder diameter of 14.2—17.8 mm and
the pin diameter of 5-6 mm.
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