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optimization has been carried out by employing the desirability
function to determine the optimal condition for defect-free welds
with adequate mechanical properties. Microstructure and fracture
surface of the optimum weld was also studied and compared with
the lowest and highest heat input welded joints.

1 Introduction

Among various aluminum alloy series, 2XXX (Cu alloy) and 7XXX (Zn alloy) represent a gamut of high
strength heat-treatable alloys that are suitable for use in the aerospace industry [1]. AA7075 and AA2014 are
widely used high-strength alloys in the aerospace industry i.e. AA7075 is used to make upper wing parts,
floors, body stiffeners of airplanes whereas AA2014 is widely used in aircraft structure [2], [3]. The high
strength of these alloys is mainly attributed to precipitate hardening. The main strengthening precipitates that
derive the strength of AA2014 are Al,Cu and Al,CuMg while for AA7075 the strengthening precipitates are
MgZn; and Al,CuMg respectively [3]-[6].

FSW is widely utilized in various industrial sectors such as aerospace, automotive, shipbuilding, railway,
and marine because of its ability to form joints in solid-state as the maximum temperature during welding is
in the range of 0.60 to 0.95 times of base metal’s melting point [7]-[14]. Also, in comparison to defects
developed in fusion welds such as porosity, shrinkage, or embrittlement it results in reduced defects and less
distortion in the welded joints [15]-[19]. Joining dissimilar alloys is difficult due to the different physical,
chemical and mechanical properties of two alloys to be joined together [20]-[23]. Increased requirement of
dissimilar joints and several advantages of the FSW process has encouraged aerospace, rail, automotive, and
shipbuilding industries to adopt this process for joining dissimilar aluminum alloys [1]. A brief review of the
literature, in line with the present work, has been presented below.

The effect of WS and location of the base metal during the welding of AA2024 and AA7075 was reported
by Khodir and Shibayanagi [24]. The highest strength was obtained for the joint formed at WS of 102 mm/min
with AA2024 on the advancing side. Da Silva et al. [25] studied the effect of rotational speed (RS) on material
flow and mechanical behavior of AA2024-T3 and AA7075-T6 in dissimilar FSW. The RS of 400 rpm, 1000
rpm, and 2000 rpm at a fixed welding speed (WS) of 254 mm/min were used to produce the welds.
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The maximum value of ultimate tensile strength (UTS) was 443 MPa at RS of 1000 rpm. Material mixing
was found dependent on RS, as at low RS onion rings were not formed but with an increase in RS, the onion
rings start to appear in the weld nugget zone (WNZ). Hasan et al. [26] examined the effect of flute radius of
tool pin and placement of base metal alloy on microstructure and mechanical properties of AA2024 and
AAT7075 welds. The tool pin with a flute radius of infinity, 0, 2, 3, and 6 mm was used to produce dissimilar
joints.

The highest strength was reported when the flute radius was equal to the pin radius of the tool (3 mm).
Khan et al. [2] studied the effect of various RS on microstructure and its influence on microhardness in FSW
of AA2219-O and AA7475-T761 alloys. Low strength alloy (AA2219-0) was placed on the advancing side
whereas high strength alloy (AA7475-T761) was placed on the retreating side. They observed that
microhardness value increased with increasing RS on the retreating side and decreased on the advancing side.
In WNZ, dissolution and re-precipitation of strengthening precipitate occurred at higher RS. Tool pin profile
effect on mechanical properties and formability of welds of AA2014 and AA6061 was examined by Nadikudi
et al. [27]. The tool pin profiles used at fixed welding parameters in the experiment trials are straight-
cylindrical, taper-cylindrical, stepped-cylindrical, straight-square, and straight-hexagon. It was reported that
the best mechanical properties and formability of the welded joint were obtained with a straight square tool
pin profile as it produces a pulsating effect that results in fine grain formation at the WNZ. Alvarez et al. [28]
investigated the material flow and mixing pattern in FSW of AA7075-T6 and AA2024-T3 by varying the RS
from 400 to 2000 rpm at a fixed WS of 254 mm/min. Optimum mechanical properties were observed at low
RS whereas at high RS, despite intense mixing and formation of onion ring-like pattern, surface integrity was
reduced. Jonckheere et al. [29] examined the effect of RS, base metal location, and tool shift on power, torque,
and temperature in FSW of AA6061 and AA2014. Power, torque, and temperature of dissimilar joints were
found in between similar joints of AA2014 and AA6061. Tool shift of 2 mm towards AA2014, produced better
results in comparison to tool shift towards AA6061. Sharma et al. [30] studied the tensile properties of AA2024
and AA7039 dissimilar joints. Localized stress concentration was reported as the main cause of low strength
and ductility of welded joints. Barbini et al. [31] examined the experimental effects of varying WS at fixed RS
and alloys positions in dissimilar FSW of AA2024 and AA7050. High strength was obtained when low strength
alloy was placed at the advancing side because of the better material flow and at lower WS. Saravanan et al.
[32] studied the effect of the welding parameter and diameter of shoulder to diameter of pin (D/d) ratio in FSW
of AA2014-T6 and AA7075-T6. It was concluded that maximum strength was obtained by placing the AA2014
on the advancing side at RS of 1200 rpm, WS of 20 mm/min, and D/d ratio of 3. Singh and Dhuria [33] studied
the effect of post-weld cryogenic treatment on weld strength of dissimilar alloy combination of AA2014-T651
and AA7075-T651 and reported a marginal improvement in mechanical properties. Pandian and Kannan [34]
developed numerical models for temperature distribution and grain size of dissimilar welds and also verified
them experimentally.

Response surface methodology was used in numerous studies for the modelling and optimization of FSW
process parameters [35]-[40]. Heidarzadeh et al. (2012) [35] selected three input parameters for central
composite rotatable design of response surface methodology (RSM) which are rotational speed, welding speed
and axial force with five levels. The output parameters were hardness and yield strength. It was concluded that
the maximum tensile strength was obtained at RS of 920 rpm, WS of 78 mm/min, axial force of 7.2 kN while
maximum elongation was obtained at RS of 1300 rpm, WS of 60 mm/min and axial force 8 kN force.

Ample studies have been carried out on 2xxx and 7xxx series alloys, but particularly for dissimilar welds
of AA2014 and AA7075few studies were carried out. Moreover, a systematic study on the effect of welding
speed and rotary speed in dissimilar welds of AA2014 and AA7075 was not carried out. The present work has
two-fold objectives, first is to develop regression models and determine the optimal welding parameters and
the second is to study the effect of RS and WS on mechanical properties of FSW joints of AA2014 and AA7075
aerospace alloys.

2 Experimental investigation

Two dissimilar high strength heat-treatable alloys, AA2014 and AA7075 in T6 temper were friction stir
welded in butt position. Plates to be welded were of 6 mm thickness, 140 mm length, and 50 mm width. The
chemical composition of base metals along with their mechanical properties are enlisted in Table 1.
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Table 1. Chemical composition and mechanical properties of AA2014 and AA7075.

Alloy Chemical composition (wt%) Mechanical Properties
Si Fe Cu Mn Mg Cr Zn Al Ultimate Elongation Microhardness
tensile (%) (HV)
strength
(MPa)
AA2014 052 037 471 086 025 - - Bal 469.31 7.82 156.43
AA7075 - 032 156 - 226 022 6.25 Bal. 553.63 9.38 173.29

A circular bar of H13 grade die-steel was used to fabricate the tool as per details given in Table 2. The
shoulder surface has a concavity of 6°, and the pin has threads of 1 mm pitch. Experiments were performed on
a computer-controlled vertical milling machine. The abutting edges of plates were lightly rubbed with emery
paper to remove oxides and foreign particles and then cleaned with acetone to remove carbon dust from the
edges. The weaker metal of the combination i.e. AA 2014 was kept on the advancing side to develop the welds.

Table 2. Details of tool geometry and welding parameters.

Tool dimensions Welding parameters
Shoulder Pin Pin Welding Rotational Tool Dwell
diameter diameter length Speed Speed tilt time
(mm) (mm) (mm) (mm/rev) (rpm) ©) (s)
20 6 5.7 60 120 180 600 1000 1400 0 15

Three tensile tests for each parametric combination have been carried out on a computerized universal
testing machine (load capacity 50 kN) with a strain rate of 1 mm/min. The tensile samples were prepared as
per the ASTM E8/E8M-21 standard. Samples preparation for microstructure has been done by polishing the
welded samples and etching with the Keller’s reagent (3 ml of HNOs, 6 ml of HCI, 6 ml of HF, and 150 ml of
water) for 20 s. The microscopic study of the welded samples has been performed by an optical microscope.
The fractured surface of tensile samples was studied with the help of a Scanning electron microscope (SEM).

Experiments were conducted as per the Central composite design (CCD) of Response surface methodology
(RSM) consisting of three center points. The design of experiments in coded and actual factors is presented in
Table 3. Data of these experiments were then utilized to generate the empirical models for prediction as wells
as to analyze the effect of process parameters on responses.

Table 3. Design of Experiments in terms of coded and actual factors.

Experiment Coded Factors Actual Factors

Number A: WS B: RS A: WS B: RS
1 0 0 120 1000
2 1 -1 180 600
3 0 0 120 1000
4 0 0 120 1000
5 -1 1 60 1400
6 0 -1 120 600
7 0 1 120 1400
8 1 0 180 1000
9 -1 0 60 1000
10 1 1 180 1400
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3 Results and discussion

The developed welds were visually inspected for the presence of any defect. All the welds except for the
weld formed at lowest heat input (LHI) parameters i.e. RS of 600 rpm and WS of 180 mm/min appeared to be
defect-free in visual inspection. The macrostructure of the weld cross-section corresponding to the lowest and
highest heat input parameters (HHI) has been presented in Figure 1. The shape of the stir zone was inverted
trapezoidal for the HHI weld sample whereas the LHI weld sample displayed roughly rectangular i.e. straight
stir zone with vertical transition boundary. Improper material mixing and flow due to inadequate heat input at
the LHI set of welding parameters resulted in macroscopic defect formation on the advancing side. However,
during the microscopic study, some very fine defects were also observed for welding speed of 120 mm/min
and 180 mm/min at all investigated range of RS. One such microscopic defect obtained at WS of 120 mm/min
and RS of 1000 rpm is shown in Figure 2 a. Figure 2 b summarizes the effect of various parameters on defect
formation and depicts that RS did not change the type of defect except for the highest welding speed.

The WS had a significant influence on the formation of defects. An increase in WS resulted in the creation
of micro and macro size defect at mid and high WS respectively. These scattered tiny pores of a few microns
were believed to form owing to poor consolidation due to faster traverse of the tool without tilt. Use of
excessively high WS at fix RS formed void defect on advancing side below the top surface. The size of the
void defect increased with an increase in WS because of reduced material flow to weld bottom since flowability
was reduced owing to low heat input. Further, faster tool spent less time to consolidate the material [41].

Figure 1. Macrostructure of transverse cross-section of welded joints at (a) lowest heat input parameter
[RS= 600 rpm; WS = 180 mm/min] and, (b) highest heat input parameter [RS = 1400 rpm; WS = 60
mm/min].

Rotational Speed
600 1000 1400 Symbols

60 v Y Y |- Defect-free Weld
120 A A A A- Microscopic Defect
130 1 A A M- Macroscopic Defect

(b)

Figure 2. (a) Microscopic defect obtained on the advancing side at WS = 120 mm/min and RS = 1000
rpm and, (b) effect of welding parameters on defect formation.

Welding Speed

During FSW, a combination of severe plastic deformation and heat generation produces massive alteration
of base metal microstructure, resulting in different zones viz heat-affected zone (HAZ), thermo-mechanical
affected zone (TMAZ), and weld nugget zone (WNZ). These zones can be easily distinguished in welds by
their orientation and grain size. The microstructure of different zones formed on advancing as well as on the
retreating side at the mid-value of WS and RS i.e. 120 mm/min and 1000 rpm respectively are shown in Figure
3. Severe plastic deformation and frictional heating generate the highest heat in WNZ resulting in a very fine
microstructure because of the dynamic recrystallization of grains.

The WNZ of welded joints contains alloying elements of both the base metals because of their mixing in
solid-state. Rotating tool dragged the material from leading side to trailing side whereas simultaneous
traversing of tool caused the material consolidation i.e. flow in batches at the trailing end leading to the
formation of onion rings in WNZs of welds. Therefore, onion rings presented an alternate arrangement of dark
and bright rings/layers on the transverse surface of welds. These alternate rings were mainly comprised of one
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metal and the gap between two consecutive onion rings decreased in the outward radial direction (Figure 4).
The brighter color band in an onion ring or vortex-like shape is AA7075 and the darker color band is AA2014
and can be attributed to insufficient mixing and incomplete diffusion.
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Figure 3. Microstructure of dissimilar joint produced at WS = 120 mm/min and RS = 1000 rpm: (a)
Transition from WNZ to Base Metal in AA7075, (b) Transition from WNZ to Base Metal in AA2024 (c)
AA7075 WNZ, (d) AA2024 WNZ, (e) AA7075 TMAZ, (f) AA2024 TMAZ, (g) AA7075 HAZ and, (h) AA2024
HAZ.

Grain size on the retreating side (AA7075) was finer than on the advancing side (AA2014) of WNZ and
varied from ~ 2 to 3 um. Varying plastics strains are responsible for this asymmetry in WNZ grain size. The
direction of RS and WS was the same on the advancing side and opposite on the retreating side due to the
arrangement of plates and direction of rotation and traverse. Therefore, material placed on the advancing side
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experienced higher temperature as well as plastic deformation than the retreating side leading to asymmetry in
WNZ grain size i.e. slightly larger grain size on the advancing side than the retreating side [42]-[44]. The
transition of microstructure from WNZ to TMAZ was sharp on the advancing side due to an abrupt decrease
in grain size and gradual on the retreating side. In advancing side, continuous dynamic recrystallization of
grain (CDRX) was observed as shown in circled in Figure 5(a), the initial larger grains were followed by the
smaller grains while in retreating side discontinuous dynamic recrystallization (DDRX) occured as the grain
swell at the grain boundary as evident from in Figure 5(b). Heidarzadeh et al. (2020) [9] also have the same
observations. Also the microstructure evolution in friction stir welded 7XXX series aluminium alloys is
reported to follow DDRX [45]-[47].

In TMAZ, mechanical and thermal deformation occurred, but the generated temperature was lower than
the WNZ, due to which recrystallization did not occur hence deformed grains were observed in this zone
having an orientation toward the WNZ of dissimilar welds. However, on the retreating side partial
recrystallization is also evident (Figure 3 a & €). In HAZ, only thermal heating of grain occurred due to which
original grain structure of the base metals coarsened in this zone on both sides. Though the temperature
available in HAZ was lower but was sufficient to cause the dissolution of fine precipitates promoting the
coarsening of grains in HAZ. Fine precipitates hindered the grain boundary movement and restricted the grain
growth i.e. coarsening. On the other hand, dissolution greatly retarded the pinning effect, so easier grain
boundary resulted in coarser grains in HAZ [48]. This grain coarsening increased the grain size larger than the
other two weld zones and base metals.

Figure 4. Onion rings formation at WS = 120 mm/min and RS = 1000 rpm.
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Figure 5. TMAZ of welded joints (a) AA2014 and, (b) AA7075.

3.1 Model Development and Statistical Analysis

Model development and entire statistical analysis reported in this work were carried out with the help of
Design-Expert Software. Model selection is an important step in the analysis and was selected based on the
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sum of squares, lack of fit, and model summary statistics. After this, the models were developed and analyzed
with analysis of variance (ANOVA). If the R-Square statistics are satisfactory, then the next step of detailed
analysis is carried out, otherwise, the backward elimination technique has been applied to enhance the
adequacy of the model by eliminating the insignificant terms [49]. If the normality of residuals, constant error,
outliers, and Box-Cox plot for power transforms were acceptable then the developed model can be
recommended for further analysis.

Ultimate tensile Strength

ANOVA for the quadratic model of UTS after elimination of insignificant terms by backward elimination
is presented in Table 4. The F-value of the model is determined by dividing the mean square value of the model
by the mean square value of residual. Prob > F is the upper bound on P-value i.e. if a model represents a
confidence level of 95% then it means that the terms with P value (Prob > F) larger than 0.05 were eliminated
as insignificant terms during backward elimination. R-Squared value is interpreted as the proportion of the
variability in the data explained by the ANOVA model. A difference greater than 0.20 between Predicted
(Pred) R-squared and Adjusted (Adj) R-squared value indicates a problem with model/data [50]. Terms used
here were only briefly described and the interested reader may refer to any standard text on the design of
experiments for statistical details. It is evident from Table 4. that, A, B, and B2 have a significant effect on
UTS. R-Squared value of the model was obtained to be 0.8949. The Pred R-Squared value of 0.6647 was also
in agreement with the Adj R-Squared value of 0.8498. The empirical equation to predict the UTS by this model
is presented in Equation 1.

Table 4. Analysis of Variance for UTS.

Source Sum of DF Mean F P-value  Contribution
Squares Square  Value Prob>F

Model 11790.83 3 3930.28 19.86 0.0008
A-Welding Speed 5182.04 1 5182.04 26.18 0.0014 39.33
B-Rotary Speed 219153 1 219153 11.07 0.0126 16.63
B2 4417.25 1 4417.25 22.32 0.0021 33.52
Residual 1385.36 7 197.91 10.51
Lack of Fit 127269 5 25454 452 0.1911 9.66
Pure Error 112.67 2 56.33 0.86
Total 13176.19 10

UTS=172.82458-0.48981x WS + 0.45528x RS- 2.51531E- 004 x RS? Q)

Various plots for this model are presented in Figure 6. The normal probability plot shows the distribution
of residuals. The points should fall along the straight line for the distribution to be normal. Points lying away
from the straight line show the deviation from normal distribution however some scatter may occur for normal
data also, so it is essential to look at the internally and externally studentized residuals. Residual versus
predicted curve shows that internally studentized residuals lie within +3c whereas in the case of externally
studentized residuals there is an outlier corresponding to run no. 5. To improve the normality of residuals,
Box-Cox transformation has been used which is a family of power transformations that helps to easily find the
optimal transformation for each variable. Power transformations raise the number to an exponent. Box-Cox
transformation coefficient lambda (1) indicates the power to which all data should be raised to normalize the
data [51], [52]. In figure 6d, the blue line indicates the current value of A whereas the green line recommends
the best value of A, so Box-Cox power transformation is required to make residuals normally distributed [52].
Figure 6d reveals that the best A (green line) is 3, so power transform at A=3 has been carried out.



R. Kumar, V. Upadhyay, C. Sharma: Modeling and optimization of process parameters... 66
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Figure 6. Various Plots for UTS (a) Normal plot of residuals, (b) Residuals versus predicted plot (c)
Residuals versus run order plot and, (d) Box-Cox Plot.

The normal plot of residuals and externally studentized residuals after Box-Cox transformation are
presented in Figure 6. The normal probability plot shows that the scatter of points around the straight line has
been reduced in comparison to the non-transformation model and externally studentized residuals show no
outlier after applying the Box-Cox transformation. It implies that the model can be used for further analysis.
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Figure 7. Various Plots for UTS after power transformation (a) Normal plot of residuals and, (b)
Residuals versus run order plot.

ANOVA for the reduced quadratic model of UTS with Box-Cox transformation is presented in Table 5.
Only A, B, and B? have a significant effect on UTS similar to the non-transformation model. The R-Squared
statistics have been comparatively improved than the non-transformation model. R-Squared value of the model
was improved to 0.9101. Also, the Pred R-Squared value of 0.7447 was in agreement with the Adj R-Squared
value of 0.8716. An empirical equation to predict the UTS by utilizing the power transformation is presented
in Equation 2.

Table 5. Analysis of Variance for UTS after power transformation at 2. = 3.

Source Sum of DF Mean F P-value  Contribution
Squares Square Value Prob>F

Model 6.722E+014 3 2.241E+014 23.63 0.0005

A-Welding Speed 3.096E+014 1 3.096E+014 32.66 0.0007 41.92

B-Rotary Speed  9.406E+013 1  9.406E+013 9.92  0.0162 12.73

B2 2.685E+014 1 2.685E+014 28.32 0.0011 36.35

Residual 6.637E+013 7 9.481E+012 8.99

Lack of Fit 5.538E+013 5 1.108E+013 2.02 0.3639 75

Pure Error 1.099E+013 2 5.493E+012 1.49

Total 7.386E+014 10

(UTS) ® =-5.42191E +006 -1.19725E +005 x WS+1.14133E +005 xRS -62.01581 xRS?  (2)

Percentage Elongation and Defect-free status

ANOVA for reduced quadratic models of percentage elongation and defect-free status are presented in
Tables 6 and 7 respectively. It is important to note that the response of defect-free status of the weld was kept
+1 and -1 corresponding to Yes and No status of defects respectively. So the values obtained between +1 and
—1 do not correspond to the size of the defect but only indicate the state of the defect. These models were
developed for a confidence level of 95%. It was observed that only A, B, and B? had a significant effect on
percentage elongation whereas only A and A? had a significant effect on defect-free status. The R-squared
value of the % elongation model was calculated as 0.9633. Pred R-Squared value of 0.9151 was also in
agreement with the Adj R-Squared value of 0.9476 for percentage elongation whereas R-Squared, Pred R-
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Squared, and Adj R-Squared values are 1 for the defect-free status of welds. Regression equations to predict
the percentage elongation and defect-free status by these models are presented in Equation 3 and 4 respectively.
The residual plots were also found suitable to use the developed models for prediction and analysis as no
variation/abnormality was observed. These plots are not presented here to remain focused on key issues.

Table 6. ANOVA for % elongation.

Source Sum of DF Mean F P-value Contribution
Squares Square Value Prob > F

Model 20.76 3 6.92 61.25 < 0.0001

A-Welding Speed 7.00 1 7.00 61.93 0.0001 32.48

B-Rotary Speed 5.47 1 5.47 48.43 0.0002 25.38

B2 8.29 1 8.29 73.38 < 0.0001 38.47

Residual 0.79 7 0.11 3.67

Lack of Fit 0.53 5 0.11 0.82 0.6304 2.46

Pure Error 0.26 2 0.13 1.21

Total 21.55 10

Table 7. ANOVA for Defect-free status.

Source Sumof DF Mean F p-value Contribution
Squares Square  Value Prob > F

Model 8.73 2 4.36 6.366E+007 < 0.0001

A-Welding Speed 6.00 1 6.00 6.366E+007 < 0.0001 68.73

A2 2.73 1 2.73 6.366E+007 < 0.0001 31.27

Residual 0.000 8 0.000 0

Lack of Fit 0.000 6 0.000 0

Pure Error 0.000 2 0.000 0

Cor Total 8.73 10

Percentage Elongation =+1.01158 -0.018 x WS+ 0.019408 x RS -1.08979E -005 xRS®>  (3)
Defect-freeweld = +5-0.083333x WS +2.77778E-004x WS? (4)

3.2 Effect of welding parameters on response parameters
Effect of welding parameters on UTS

The strength of the developed weld joint depends on the selected process parameters. The process
parameters mainly govern the heat generation in the weld region which in turn affects the material flow, grain
structure, and precipitate morphology. The presence of any defect in the weld such as tunnels, pinholes, etc.
not only affects the ultimate tensile strength adversely but also changes the fracture location that normally
occurs in the minimum hardness region for a defect-free weld. Variation of UTS with WS and RS is shown
in Figure 8. Weld strength of the dissimilar welds is generally limited by the strength of the weakest member.
In this study, the UTS of all the welded joints was also found to be well below the UTS of the weakest alloy
of combination i.e. AA2014. This may be attributed to the dissolution of the strengthening precipitates owing
to dynamic recrystallization in WNZ during FSW that results in reduced strength.

The variation of UTS with WS and RS was shown in the form of a response surface graph and contour plot
in Figure 8 a and b respectively. A continuous decrease in UTS was obtained with an increase in WS. With an
increase in WS, the time of contact of the tool with the workpiece decreased, resulting in improper flow and
mixing of materials on account of limited flowability due to reduced heat generation. UTS was found to
increase with increasing RS from 600 rpm to 1000 rpm and then decreased with a further increase to 1400 rpm.
An increase in RS results in more heat input that improves the flow and mixing owing to enhanced flowability.
When heating is beyond optimal heat input then the tensile properties begin to deteriorate as can be observed
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from Figure 8 a. Recrystallization forms strain-free fine grains. With an increase in heat input, the size of grains
increases because of prolonged coarsening. The relation between strength and grain size is given by the Hall-
Petch equation: o, = g, + kd~ /2 where a, is yield strength, o, is resistance to dislocation motion, k is a

constant and d is grain diameter. An inverse relationship between strength and grain diameter reveals that an
increase in the value of the former will decrease the value of the latter and vice versa. Dynamic recrystallization
results in fine grains and thus higher strength.
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Figure 8. Effect of welding parameters on UTS (a) 3D Response surface graph and, (b) Contour plot.

Effect of welding parameters on % Elongation

Elongation at fracture is a measure of ductility which determines the ability of the material to flow
plastically before fracture. It is usually represented in percentage. The variation of % elongation with WS and
RS is shown in Figure 9.
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Figure 9. Effect of welding parameters on elongation (%) (a) 3D Response surface graph and, (b) Contour
plot.

On comparing the trend of variation of percentage elongation with UTS, it was observed that both follow
a similar trend for change in WS and RS. The elongation of base metals of AA2014 and AA7075 were 7.82%
and 9.38%, respectively. Similar to UTS, maximum percentage elongation was achieved at WS of 60 mm/min
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and RS of 1000 rpm but as opposed to UTS, % elongation was found higher than the % elongation of AA2014
base metal. Softening owing to the weld thermal cycle is responsible for reduced strength and higher ductility
than the base metal. The contour plot in terms of possible combinations of RS and WS for percentage
elongation is shown in Figure 9b. The curved lines in the contour plot show the lines of constant percentage
elongation and can be used to determine the appropriate combination of WS and RS for a particular need.

Effect of welding parameter on defect-free weld

The selection of welding parameters is very crucial to obtain defect-free welded joints as they govern the
mechanical properties of the welds. An optimum amount of heat generation is vital as the high heat input leads
to grain growth whereas lower heat input results in inadequate flowability resulting in poor mixing and limited
consolidation. High heat input results in defects like galling, excessive weld flash, etc., whereas low heat input
leads to tunnel defect, kissing bond defect, joint lime remnant, etc. [1]. Obtaining a defect-free joint is the first
and foremost objective for welded joints, as the defect either tunnel or pin size, adversely affects the
mechanical strength and changes the fracture location. Apart from proper tool design, selection of appropriate
dwell time, tool tilt, and plunge depth, RS and WS are also important. Figure 10 a and b depicts that defect-
free welds were formed only at lowest WS and with further increase in WS they were more prone to generate
defect as all the welds developed at higher WS have defects either macroscopic or microscopic. All the welds
developed at the lowest WS at all combinations of the RS were defect-free whereas the welds developed at
180 mm/min and 600 rpm have a macroscopic defect. The formation of defect at the advancing side of this
weld is attributed to the lowest heat generation resulting from poor material movement and consolidation
behind the pin. Remaining all welds have very tiny microscopic voids in the nugget zone for remaining
combinations of the RS.
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Figure 10. Effect of welding parameters on defect-free weld status (a) 3D Response surface graph and,
(b) Contour plot.

3.3 Optimization

In this work, three responses were experimentally determined, and then by utilizing statistical techniques,
a mathematical model for these responses have been developed. As multiple responses were involved in this
problem, simultaneous optimization of all responses will ensure better quality weld joints. The desirability
function approach is one of the popular technigques to deal with such optimization problems [49], [53]. In this
approach, every response is transformed into its desirability function that ranges between zero and one. The
individual desirability function was determined on the basis that whether the objective is to maximize,
minimize, or to locate between the limits. In this study, the objective is to maximize the responses so the
desirability function can be determined by the equation given below. The desirability function (d) is zero if



R. Kumar, V. Upadhyay, C. Sharma: Modeling and optimization of process parameters... 71

the response lies outside an acceptable region and is one when the response lies at the target. Design variables
were then selected to maximize the overall desirability given by the following equations.

0
yi — Lyt yi <L
d; = [l | Li<yi<T; (5)
Ti_ll’i yi>T;

where y; is response, L;is lower bound and T; is target and t is the weight.

1
D = (dy xdy xd3 X ... X ) (6)
where m is the number of responses [50].

Limits, weights, and importance assigned to input and output response parameters for this work have been
presented in Table 8.

Table 8. Parameter boundaries and importance assigned to each parameter for optimization.

Name Goal Lower Upper Lower Upper Importance
Limit Limit Weight Weight
WS is in range 60 180 1 1 3
RS isinrange 600 1400 1 1 3
uTsS maximize 220.33 333 1 1 3
Elongation maximize  3.91 8.24 1 1 3
Defect-free weld maximize -1 1 1 1 3

An optimal combination resulting in maximum desirability of one has been presented in Table 9. RS has
been selected as 1000 rpm for confirmation instead of the desirability analysis value of 1008.62 rpm to make
its value more rational for further experimental work and scientific discussion. The proximity of the predicted
values and experimental values confirms the validity of the results.

Table 9. Comparison of predicted and experimental values at optimal combination of parameters.

WS RS UTS Elongation Defect-free
(mm/min) (rpm) (MPa) (%) status
Predicted 60 1008.62 340 8.40 1
Experimental 60 1000 333 8.24 1

4 Microstructural and Mechanical Properties of Optimum weld

4.1 Microstructure
The microstructure of base materials AA2014 and AA7075 are presented in Figure 11.
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Figure 11. Microstructure of base metals (a) AA7075 and, (b) AA2014.

Grains of AA7075 were elongated in rolling direction with the grain size of ~100 um in length and width
of ~12 um whereas grains of AA2014 were smaller but broader than the AA7075 grains having a length of
~62 pm and width of ~19 um.

The microstructure of the weld nugget center corresponding to optimum weld (OW), lowest heat input
weld (LIW), and highest heat input weld (HIW) are shown in Figure 12. The grain size of OW, LIW, and HIW
is 2.819 £ 1.077, 2.187 £ 0.719, and 2.692 + 1.207 um respectively. FSW has not only reduced the size of
grains drastically but also make them axisymmetric irrespective of weld parameters. The grain size was found
lowest for LIW and highest for OW.

Figure 12. Microstructure at the center of the WNZ for (a) OW [RS 1000 WS 60] (b) LIW [RS 600 WS 180]
and, (c) HIW [RS 1400 WS 60].

4.2 Tensile Strength

Tensile Strength, percentage elongation, and joint efficiency of the weld joints developed at OW, LIW,
and HIW combination of process parameters are shown in Figure 13. The tensile strength of the welded joints
depends on the presence of macroscopic defects, degree of plastic deformation and mixing, grain size, degree
of dissolution, and over the aging of precipitates [54]. These factors in turn can be effectively controlled by
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appropriate weld parameters as they determine (i) heat generation (ii) peak temperature and (iii) solute
concentration of strengthening precipitates in the aluminum matrix.

The first two factors improve flowability on account of reduced flow stresses so better bonding of material
occurs. The third factor promotes the re-precipitation on account of effective post-weld aging. Therefore, better
bonding, high density of fine re-precipitated strengthening particles resulted in the highest tensile strength at
OW combination. On other hand, the reduced tensile strength of LIW joints was primarily due to the reduced
plasticization and improper flow of material resulting in voids on the advancing side. At the highest RS and
lowest WS, maximum peak temperature was available for a longer duration so the reduction in tensile strength
of HIW joints may be attributed to the coarsening of reprecipitated strengthening particles. Also, the elongation
of the welded joint at the various combination of parameters presented a similar trend to the strength of the
welded joints as evident from Figure 13. The highest tensile strength of 333 MPa, 8.24% elongation of, and
71% joint efficiency was obtained for OW. Joint efficiency is measured by dividing the strength of welds by
the strength of the weakest base metal to be welded [55]. Low percentage elongation was observed for the
welded joint that fractured from the WNZ than those fractured from TMAZ/HAZ. The optimum combination
was at RS of 1000 rpm and WS of 60 mm/min that produced the best strength, elongation, and percentage
elongation.
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Figure 13. (a) Tensile strength, (b) Percentage elongation, and (c) Joint efficiency of the welded joints.

4.3 Fracture

The fracture surface of tensile specimens was observed by SEM using samples from failure location i.e.
advancing side (AA2014) of the welded joints. SEM images of low and high magnification of the fractured
surface of welded joints developed at OW, LIW, and HIW combination of process parameters are presented
in Figure 14 and 15. At low magnification image (Figure 14) of OW and HIW the fracture was flat while at
LIW a trench was observed throughout the surface which indicate poor consolidation of material throughout
the joint resulting in macroscopic defect. In high magnification image (Figure 15), Though all the fracture
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surfaces were covered with dimples, the morphology of the fracture was significantly different as evident from
the SEM images of welded joints.

The fracture surface of LIW joints was uneven and exhibited the least population of shallow dimples.
Secondary precipitates were also observed in abundance inside the dimples. There were few large dimples also
containing fractured secondary precipitates. The presence of secondary precipitates in abundant over fracture
surface confirms the dominance of coarsening over re-precipitation owing to the lowest heat input. A crack
was present in the center of the fracture surface and seems to form due to the tearing of loosely consolidated
materials. Further, agglomeration indicates poor consolidation of deformed material in WNZ. It can be argued
that the poor consolidation resulted in the formation of a macroscopic defect in the LIW joint which initiated
the fracture of welded joints, which is shown in Figure 15 (b). Coarsening coupled with the absence of void
formation and coalescence can be held responsible for low strength and elongation of LIW joints that
underwent mix mode failure.

The fracture surface of OW joints was even and covered with dimples of the approximately same size.
Featureless flat regions were scattered all over the fractured surface. As compared to LIW joints, secondary
precipitates could not be observed on the fracture surface of the OW joint. This indicates the dominance of re-
precipitation over coarsening owing to better dissolution on account of high heat input. The. appearance of the
fracture surface of HIW joints was similar to OW joint. The dimples were large and contain secondary
precipitates while flat featureless regions were few and small. The OW and HIW joints exhibited a ductile
mode of fracture.
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Figure 14. Low magnification image of fracture surface of (a) Optimum weld (OW) (b) Lowest heat input
weld (LIW) and, (c) Highest heat input weld (HIW).
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Figure 15. The fracture surface of (a) Optimum weld (OW) (b) Lowest heat input weld (LIW) and, (c)
Highest heat input weld (HIW).

5 Conclusion

In this work, response data obtained from experiments conducted as per CCD of RSM has been
used to develop regression models and multi-response optimization of process parameters in FSW of
AA2014 and AA7075 dissimilar alloys. Models were developed for UTS, % elongation, and defect-
free status of welds. Box-cox transformation has been used to deal with external studentized residuals
lying beyond the prescribed limits and the regression model for UTS was developed by using power
transform at A=3. Optimal parameters were determined as 60 mm/min welding speed and 1000 rpm
rotary speed by the desirability function approach to produce defect-free welded joints. Grain size in
WNZ of OW joints was found significantly smaller than both the base metals. Also, the fracture
surface of OW joints was even and covered with dimples of approximately the same size indicating
the ductile mode of fracture.
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