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Abstract: Friction stir spot welding technique was used to join dissimilar combinations of aluminium alloy (A15052) with copper
alloy (C27200) and friction stir spot welding windows such as tool rotational speed—dwell time and tool rotational speed—plunge
depth diagrams for effective joining of these materials were developed. Using a central composite design model, empirical relations
were developed to predict the changes in tensile shear failure load values and interface hardness of the joints with three process
parameters such as tool rotational speed, plunge depth and dwell time. The adequacy of the developed model was verified using
ANOVA analysis at 95% confidence level. Response surface methodology was used to optimize the developed model to maximize
tensile strength and minimize interface hardness. A high tensile shear failure load value of 3850 N and low interface hardness value
of HV 81 was observed for joints made under optimum conditions, and validation experiments confirmed the high predictability of
the developed model with error less than 2%. The operating windows developed shall act as reference maps for future design
engineers in choosing appropriate friction stir spot welding process parameter values to obtain good joints.
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1 Introduction

Copper and brass find an important place in
industrial applications owing to their superior fatigue and
corrosion resistance, high strength, good electrical and
thermal conductivities [1]. Aluminum and its alloys find
importance as light weight components with improved
mechanical response. Dissimilar aluminum and copper
joints are preferred in many practical applications like
heat transfer equipment, electrical industries and
electronics [2]. Conventional fusion welding processes
for joining aluminium and copper poses to be difficult as
it leads to formation of hard and undesirable
intermetallic phases at the joint interface, leading to
cracks [3]. Friction stir welding, a solid state joining
process patented by The Welding Institute in 1991 [4],
has been widely used for joining dissimilar materials
having differences in mechanical and metallurgical
properties. Friction stir spot welding (FSSW) is its linear
variant used for spot joining applications, poses to be a
better option for joining dissimilar materials than
resistance spot welding [5].

FSSW is a three step process that involves first,
plunging of a non-consumable rotating tool into the job,
next a period of dwell during which the tool is allowed to
induce frictional heat for a specific time duration and
finally drawing out, when the rotating tool is removed
from the weld zone allowing the region to cool [6]. The
schematic diagram is shown in Fig. 1. Researchers
recommend friction stir spot welding to spot weld
dissimilar materials rather than toggle locking, clinching
and riveted joining processes [7,8].

The selection of friction stir spot welding process
variables affecting the spot weld morphology plays an
important role in determining the quality of the joints [9].
The predominant process parameters determining the
strength and surface finish of the friction stir spot welded
joints are tool rotational speed, dwell time and tool
plunge depth [6]. Literatures reported on friction stir spot
welding of dissimilar aluminum—copper materials are
very few [10—12]. OZDEMIR et al [10] investigated the
grain modifications in weld region, HEIDEMAN
et al [11] investigated the metallurgical aspects at joint
interface and MUBIAYT and AKINLABI [12] evaluated
the microstructures of the joints of aluminium—copper
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FSSW joints. LAKSHMINARAYANAN et al [13]
developed friction stir welding windows for joining
AA2219 aluminium alloy. Very few research works are
available relating optimization of friction stir spot
welding process parameters.
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Fig. 1 Three step FSSW process: (a) Plunging; (b) Stirring;

(c) Drawing out

LAKSHMINARAYANAN et al [9] used response
surface methodology and TUTAR et al [14] used Taguchi
orthogonal array techniques for optimization of friction
stir spot welds. Different prediction techniques can be
used for defining the desired output variables, by
development of mathematical models and thereby
determining the relationship between the input
parameters and output variables. Response surface
methodology (RSM) is useful in development of a
suitable approximation, for determining the relationship
between independent and response variables which can
effectively characterize the joints [15]. Efficient use of
statistical design of the experimental techniques enables
the development of empirical methods, thereby enabling
incorporation of a scientific and rational approach in
solid state joining procedures such as friction stir spot
welding [9,14].

In the current investigation, an attempt has been
made to develop friction stir spot welding windows such
as rotational speed—dwell time and rotational speed—
plunge depth diagrams for effective friction stir spot
welding of Al5052 aluminium alloy and C27200 copper
alloy. Moreover, in this research, optimization of friction
stir spot welding process parameters for obtaining
maximum tensile shear failure load and minimum
interface hardness of Al 5052—C27200 joints using RSM,
was attempted.

2 Experimental

The base materials used in this investigation were
aluminium alloy AI5052 (1.5 mm thick) and (ASTM
B-111) copper alloy C27200 (1.6 mm thick). They were
sized to 100 mm in length and 30 mm in breadth. The
chemical composition and important mechanical

properties of the base materials are given in Tables 1 and
2, respectively.

Table 1 Nominal chemical compositions of base materials
(mass fraction, %)

Material Cu Cr Mg Mn Si Fe Zn Al
Al5052 0.10 035 25 0.1 025 04 0.1 Bal
Material Cu Sn Al Pb Ni Fe Zn
C27200 63.5 0.06 0.02 0.07 0.05 0.07 Bal

Table 2 Important mechanical properties of base materials

. Yield Tensile Elongation/ Hardness
Material
strength/MPa  strength/MPa % (HV)
Al5052 193 228 12 71
C27200 210 303 10 86

The welding surfaces of the samples were cleaned
to remove dirt and impurities and the surfaces were
cleaned with acetone before clamping in the fixture for
spot welding. Lap configuration was used and Al5052
was made to be on the top side with the lap configuration
directly coming under contact with the tool. The
non-consumable tool was made with hardened tool steel
H13 material [12]. Cylindrical straight profile was
chosen for tool nomenclature and the tool was made with
an overall length of 125 mm, with a geometry of 16 mm
shoulder diameter, 6 mm pin diameter and 1 mm length

(Fig. 2).
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Fig. 2 FSSW tool nomenclature

The schematic representation of the friction stir spot
welding setup is shown in Fig. 3(a), and the CNC
controlled heavy type vertical milling machine used for
performing the experiments is shown in Fig. 3(b).

The non-consumable high speed rotating tool is
made to plunge with a very slow feed rate of 25 mm/min
so as to eliminate impact contact between the tool and
the jobs. From the friction stir spot welding process
parameters the three important process parameters which
affected the joint quality were tool rotational speed,
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plunge depth and dwell time [6]. FSSW joints were
fabricated by varying the three important process
parameters. After completion of the spot welding, the
specimens were tested for their tensile strength using an
electro-pneumatically  controlled universal testing
machine. The size of the tensile test specimens as per
ASTM standards is shown in Fig. 4.
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T: All dimensions are in mm

Fig. 4 Tensile test specimens as per ASTM standards

As per standard specifications of ASTM, the
samples were loaded at a uniform rate of 1.5 kN/min till
fracture of the specimens.

3 Development of friction stir spot welding
windows

The selection of friction stir spot welding process
variables affecting the joint interface, structural
morphology, extent of flash formation, keyhole size,

appearance of the spot weld are critical for attainment of
good quality spot welds. The friction stir spot welds were
fabricated by varying the important process parameters
such as tool rotational speed, dwell time and plunge
depth as given in Table 3. To evaluate the weld strength,
lap shear tensile tests were conducted and the
corresponding tensile shear failure load values were
tabulated and presented in Table 3. From the results the
following inferences were tabulated.

1) When the tool rotational speed was lower than
1000 r/min, no welding occurred between Al and Cu
alloy and this was attributed to low heat generation in the
weld region (Fig. 5(a)).

2) When the tool rotational speed was greater than
1600 r/min, the welding did not take place properly due
to the excessive heat generated in the weld zone and
melting of Al alloy (Fig. 5(b)).

3) When the plunge depth was less than 0.75 mm,
due to lack of penetration of the tool into the bottom
sheet, stirring effect was not enough to produce proper
welds (Fig. 5(c)).

4) When the plunge depth was greater than 2.25 mm,
excessive penetration of the sheets by the tool caused
deformation of the weld zone, increasing the keyhole
size drastically, thus resulting in improper welds
(Fig. 5(c)).

5) When the dwell time was less than 10 s, the heat
generated during the entire process was not enough to
soften the weld zone and did not weld the plates
(Fig. 5(d))

6) When the dwell time was greater than 18 s, the
excessive heat generated due to the excessive stirring of
the tool melted the plates and resulted in improper welds

(Fig. 5(¢)).

Within the limits, above 1000 r/min and below
1600 r/min of the tool rotational speed, greater than
0.75 mm and less than 2.25 mm plunge depth, and a
period of dwell between 10 and 18 s, the friction stir spot
welds of Al15052 and C27200 were of good quality.
Friction stir spot welding windows of two types were
constructed for A15052—C27200 joints.

First sets were prepared by plotting the variation of
tool rotational speed, which was taken in Y axis and
dwell time taken in X axis. At a constant plunge depth of
1.25 mm, tool rotational speed in r/min and dwell time in
second were varied to plot the working (processing)
limits and the friction stir spot welding window
(FSSWW) was constructed. Similarly, experiments were
conducted to find out the working limits for the plunge
depths of 1.75 mm and 2.25 mm, respectively. These
points were used for construction of tool rotational
speed—dwell time operating limit diagram, for the three
plunge depths and displayed in Fig. 6. The selection of
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Table 3 Experimental values with their corresponding lap shear tensile failure loads

No. Tool rotational speed/(rrmin”')  Plunge depth/mm Dwell time/s Weld quality Tensile shear failure load/kN
1 850 0.75 9 Defective -
2 1000 0.75 12 Defective -
3 1000 1.25 12 Defective -
4 1000 1.25 15 Good 2.86
5 1000 1.25 18 Good 3.12
6 1000 1.25 30 Defective -
7 1000 1.75 14 Good 2.77
8 1000 1.75 18 Good 3.49
9 1000 2.25 9 Defective -
10 1000 2.25 14 Good 2.23
11 1000 2.25 18 Good 2.67
12 1000 3.00 9 Defective ---
13 1300 1.25 18 Good 1.93
14 1300 1.25 14 Good 2.14
15 1300 1.25 24 Defective -
16 1300 1.75 11 Good 2.36
17 1300 1.75 18 Good 1.89
18 1300 2.25 10 Good 2.16
19 1300 2.25 14 Good 2.61

20 1450 1.25 11 Good 2.31
21 1450 1.25 12 Good 2.71
22 1450 1.25 21 Defective -
23 1450 1.75 8 Good 1.82
24 1450 1.75 11 Good 2.11
25 1450 2.25 8 Good 1.86
26 1450 2.25 10 Good 2.47
27 1600 0.5 8 Defective -
28 1600 1 5 Defective -
29 1600 1.75 10 Good 3.07
30 1600 1.25 12 Defective -
31 1600 1.75 8 Good 2.59
32 1600 1.75 10 Defective -
33 1600 2.75 8 Good 2.12
34 1600 2.75 8 Defective -
35 1750 0.75 7 Defective -

friction stir spot welding process parameters within the
operating windows yielded good spot welds between
Al-Cu joints and it was validated by conducting few
more experiments.

Tool rotational speed—plunge depth operating limit
diagrams were constructed by keeping tool rotational
speed in Y axis and plunge depth in X axis. At a constant
dwell time of 10 s, the tool rotational speed and plunge
depth were varied to find out the working limits.

Similarly, experiments were conducted to find out the
working limits for dwell time of 14 and 18 s, respectively.
These points were used for construction of tool rotational
speed —plunge depth operating windows for the three
dwell time and they are shown in Fig. 7. The selection of
friction stir spot welding process parameters within the
tool rotational speed-plunge depth diagrams yielded
good quality spot welds between AlS052—C27200
dissimilar joints. These were validated by conducting
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Fig. 5 Photographs of Al 5052—C27200 joints fabricated above upper limit and below lower limits of process parameters: (a) Tool
rotational speed <1000 r/min; (b) Tool rotational speed >600 r/min; (c) Plunge depth <0.75 mm; (d) Plunge depth >2.75 mm;

(e) Dwell time <10 s; (f) Dwell time >18 s

few more experiments, selecting process parameters
within the windows.

4 Development of empirical relationships

In this investigation, an attempt was made for
prediction of tensile shear failure load of friction stir spot
welded dissimilar joints of Al5052 and C27200 alloys,
incorporating friction stir spot welding process
parameters using statistical analysis techniques such as
design of experiments (DOE), analysis of variance
(ANOVA). The objective was to attain high value of
tensile shear failure load values and low interface
hardness values (at the spot joint interface of Al—Cu
joints). To attain this objective, the feasible limits of spot
joining process parameters were chosen from the
developed FSSW operating limit diagrams, in such a way
that the friction stir spot welds were free from visual

cracks and defects. The important factors that influence
the tensile shear failure load and interface hardness of the
friction stir spot joints and the working range of the
dissimilar combination of Al5052/C27200 were
identified and they are presented in Table 4.

As the ranges of the individual factors were wide, a
three factor central composite design matrix was chosen,
and five levels were chosen. With eight design points, six
star and center points were used for the construction of
the central composite design. The matrix was designed as
per the method discussed by MONTOGOMERY [16],
and listed in Table 5. +1.68 and —1.68 were coded as the
upper and lower limits for the design matrix. The
intermediate values of the process parameters were found
by using the relationship given by MONTGOMERY
[16].

X=1 -682[2X_(Xmax+Xmin)]/(Xmax+Xmin) (1)
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Fig. 6 Tool rotational speed—dwell time friction stir spot
welding windows: (a) Plunge depth of 1.25 mm; (b) Plunge
depth of 1.75 mm; (c) Plunge depth of 2.25 mm

In the equation given above, the coded value of the
variable X is X;. From Xy, to Xpax, X assumes any value
of the variable. The lowest variable level is denoted as
Xmin and the highest level is taken as X.x. Friction stir
spot welds were made as per the process parameter
conditions dictated by the design matrix (Table 5). 20
such joints were fabricated and a few are shown in
Fig. 8.

Universal testing machine (Electro-mechanically
controlled) was used for finding the tensile shear failure
load wvalues and Vickers micro hardness testing
equipment was used for finding out the microhardness at
the interface of the dissimilar joints. The results were
recorded and listed in Table 5.

Tensile shear failure load of the dissimilar friction
stir spot welded joints (Ltsr), interface microhardness
(H)) are represented as a function of tool rotational speed
(Sr), plunge depth (Dp) and dwell time (7p). According
to the methodology suggested by PAVENTHAN et al
[17], its relationship is expressed as given below:
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(a) 1700 I |
= = 1600
S I
= B 1500 V4
1 | A ]
=3 1400
S 2
= @ 1300
1200 & o
1.25 1.50 1.75 2.00 2.25 2350 2.75 3.00
Plunge depth/mm
(b) 1400 | I I
2T N -
= B 1200
23 1100
S
900
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
Plunge depth/mm

E:)A 1400 ! I ! JI‘
s T
2 £ 1200
§§ Nl
= ?é 1000 \jT
S e
= 800 i [ [ [ [ I I

1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00

Plunge depth/mm

Fig. 7 Tool rotational speed—plunge depth friction stir spot
welding window: (a) Dwell time of 10 s; (b) Dwell time of 14 s;
(c) Dwell time of 18 s

Table 4 Feasible working limits of friction stir spot welding
parameters for A15052/C27200 alloys

Level
-1.682 —-1.0 0 +1.0 +1.682

No. Parameter Notation

Tool rotational
o Sk 1050 11301300 1470 1550
speed/(r-min ')

2 Plunge depth/s  Dp 1.25 1.35 1.85 235 25
3 Dwell time/mm  Tp 11 12 14 16 17
Lrsi=f{Sr, Dp, Tp} (2)
Hy=f{Sr, Dp, Tp} (3)

The response surface M of tensile shear failure load
(Ltsr) or interface hardness (H)) is represented by second
order polynomial regression equation [16]:

M =b, +Zbiyi +Zbiiy;zbiiyiyj )

For the tool rotational speed (Sg), dwell time (7p)
and plunge depth (Dp), the expression of the polynomial
can be given as

Lrsp or H={bgtbSr+brDptb3Tpt+b1oS Tt
b13Sr: Dp+ba3 T Dby Se*+bay Ty +b33Dp’} (5
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Table 5 Central composite design matrix and experimental results
No. Coded factor value Actual factor value Response
Run Sk Dy Tp Sk Dy Tp Lrse/N H; (HV)
1 0.00 0.00 0.00 1300 1.85 14 3534 83
2 1.00 1.00 —-1.00 1470 2.35 12 3007 101
3 0.00 0.00 0.00 1300 1.85 14 3517 77
4 1.68 0.00 0.00 1550 1.85 14 3414 96
5 0.00 0.00 —1.68 1300 1.85 11 2672 107
6 0.00 0.00 0.00 1300 1.85 14 3552 70
7 1.00 1.00 1.00 1470 2.35 16 3172 100
8 0.00 1.68 0.00 1300 25 14 3293 101
9 -1.00 —-1.00 1.00 1130 1.35 16 2983 103
10 0.00 —-1.68 0.00 1300 1.25 14 2914 105
11 —-1.68 0.00 0.00 1050 1.85 14 3013 101
12 0.00 0.00 0.00 1300 1.85 14 3517 77
13 -1.00 1.00 1.00 1130 2.35 16 3293 101
14 -1.00 1.00 -1.00 1130 2.35 12 3397 91
15 0.00 0.00 1.68 1300 1.85 17 3448 83
16 1.00 —-1.00 1.00 1470 1.35 16 3879 48
17 0.00 0.00 0.00 1300 1.85 14 3466 83
18 0.00 0.00 0.00 1300 1.85 14 3500 80
19 1.00 —-1.00 —-1.00 1470 1.35 12 2845 106
20 -1.00 -1.00 -1.00 1130 1.35 12 2172 121

Fig. 8 Photograph of friction stir spot welded Al 5052/C27200
joints

The average of responses is given by by, by, by,
bs, **+, by are the regression coefficients that depend
upon linear term, interaction and squared terms of
factors [16]. Using design expert software, the
coefficients were calculated, whose significance was
determined using Student’s ¢ test and p values. Analyses
of variance (ANOVA) results were obtained for the
tensile shear failure load model for Al5052/C27200
combination and tabulated in Table 6. Similarly, the

ANOVA results for the interface hardness values were
tabulated in Table 7. “Prob>F" values determine that the
terms of the model are significant at 95% confidence
level as it is less than 0.0500. When the values are
greater than 0.10, the model terms are not significant.
For the construction of empirical relationships for tensile
shear failure load and interface hardness of
Al5052/C27200 joints the coefficients were used.

After determination of the significant coefficients at
95% confidence level, the final model developed was
developed with the obtained coefficients, and the final
empirical relationship for estimation of tensile shear
failure load values of the friction stir spot welded

Al5052-C27200 dissimilar joints is given in the

following.

Lrsp={1+3514.59+127.96S;+118.67Dp+235.67Tp—
110.2285°—146.79T5°~162.03Dyp°} (6)

Similarly, the empirical relationships for estimation
of interface hardness of the dissimilar Al—Cu alloy joints
is given by
H={+78.45-5.085+0.60Dp—7.86 Tr+9.87Sr-Dp—

6.37Sr Tp+10.62 Ty Dpt6.35Sx>+7.93 T >+
162.03Dp%} (7)
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Table 6 Analysis of variance results for tensile shear failure load model

Source Sum of squares (SS)  Degree of freedom (df)  Mean square (MS)  F-ratio  p-value Prob>F Note
Model 2870539 9 318948 557.20 <0.0001
Sr 223641 1 223641 390.70 <0.0001
Tp 192328 | 192328 336.00 <0.0001
Dp 758563 | 758563 1325.21 <0.0001
Sz Tp 544032 | 544032 950.42 <0.0001
Tp Dp 31250 | 31250 54.59 <0.0001 Significant
Sr-Dp 394210 | 394210 688.68 <0.0001
S 175086 | 175086 305.88 <0.0001
T 310558 | 310558 542.54 <0.0001
Dy’ 378384 | 378384 661.04 <0.0001
Residual 5724.11 10 572.41
Lack of fit 1314.68 5 262.94 0.30 0.8949 Not significant
Std. Dev 23.93 R 0.9980
Mean 3228.45 Adj 0.9962
CV/% 0.74 Pred 0.9941

Table 7 Analysis of variance results for interface hardness model

Source Sum of squares (SS) Degree of freedom (df)  Mean square (MS) F-ratio p-value Prob>F Note
Model 4782.90 9 531.43 12.38 <0.0003
Sk 352.76 1 352.76 8.22 <0.0168
T 5.01 1 5.01 0.12 <0.7397
Dp 844.03 1 844.03 19.66 <0.0013
Sk Tp 780.13 1 780.13 18.17 <0.0017
TpDp 325.12 1 325.12 7.57 <0.0204 Significant
Sr-Dp 903.13 1 903.13 21.04 <0.0010
NS 580.88 1 580.88 13.53 <0.0043
Ty’ 908.49 1 908.49 21.16 <0.0010
Dp? 376.51 1 376.51 8.77 <0.0143
Residual 429.30 10 42.93
Lack of fit 309.96 5 61.99 2.60 0.1591 Not significant
Std. Dev 6.5 R 0.9576
Mean 91.70 Adj 0.9435
CV/% 7.15 Pred 0.7840

Analysis of variance (ANOVA) method was used
for evaluating the relationships that were developed and
the adequacy was also checked. From the second order
response surface model developed, the results were
obtained. The fitted values for evaluation of the tensile
shear failure loads and interface hardness are given in
Table 6 and Table 7.

R’ is the determination coefficient for the analysis
setup which determines the goodness of fit for Ltgr and
H; model. In this developed model, the obtained
determination coefficient R* indicates that only 5% of the

variations are left unexplained [18]. The values of
adjusted determination coefficient (adjusted R”) should
be high, which plays an important role in clarification of
highest level of significance for the developed model.
The agreement with the adjusted determination
coefficient is observed with predicted R® values.
Comparison of predicted values according to the design
points corresponding to the average prediction error is
given by adequate precision. The values of determination
coefficient was found to be high, which gives a clear
indication that a very high correlation exists between the
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experimental values and the predicted results. The
correlation between predicted and actual values of tensile
shear failure load values for Al5052/C27200 joints is
shown in Fig. 9(a) and that of interface hardness is
shown in Fig. 9(b)

3.90 1 (a)
3451
3.00
2557

2,10
2172.41

Predicted tensile shear failure load/kN

260075 3029.00 345743 388577
Actual tensile shear failure load/N

125.00 | (b) .

105.75 ¢

86.50 t

67.25 1

Predicted interface hardness (HV)

48.00 - . . .
48.00 67.08 86.16 105.24
Actual interface hardness (HV)

124.32

Fig. 9 Correlation between predicted and actual tensile shear
failure load values (a) and interface hardness (b)

5 Optimization of friction stir spot welding
parameters

Response surface methodology (RSM) was used for
optimization of the dissimilar friction stir spot welding
process parameters. RSM is a collection of statistics and
mathematical analysis techniques that are used for
development of mathematical model that can be used for
analyzing the optimum combinations of input parameters
and expressing the values in graphical format [19]. For
prediction of the influence of the optimized conditions of
the process variables on tensile shear failure load values
and interface hardness, the surface and contour plots
were developed for the proposed empirical relationship.
The response contours are helpful for predicting the
response for any zone within the experimental
domain [20]. The apex of the response contours helps in
indicating the maximum achievable values. The contour

plots were developed to display the regions of optimal
factors. The complexity of second-order responses is
more pronounced than simple first order models. After
the identification of the stationary point, the
characterization of response surface in the immediate
vicinity of the point is necessary. Identification whether
the stationary point is for minimum response, maximum
response or saddle point, is the major aspect of its
characterization. For classification, it is required to
examine the contour plots. Figure 10 shows the contour
plots for tensile shear failure load model and Fig. 11
displays the contour plots for interface hardness model.
Response plots for achieving the maximum tensile
shear failure load values and minimum interface
hardness were developed. In Fig. 12, the surface
response plots for tensile shear failure loads are shown.
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Fig. 11 Contour plots for interface hardness

There is an increase in tensile shear failure load value
with the increase in tool rotational speed, dwell time and
plunge depth for a certain range and then it decreases.
In Fig. 13, the surface response plots for achieving
minimum interface hardness are shown.

After analyzing and evaluating the contour and
response plots, the maximum tensile shear failure load of
the A15052 and C27200 joints was found to be 3850 N
and the minimum hardness value was found to be HV 81.
The corresponding friction stir spot welding process
parameters were, tool rotational speed of 1350 r/min,
plunge depth of 1.95 mm, dwell time of 13.5 s. For
confirming the predicted values of tensile shear failure
load and interface hardness values, by response surface
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Fig. 12 Surface plots for tensile shear failure load model

methodology, validation experiments were conducted.
Three experiments were conducted with the optimized
process parameter values and the errors between the
predicted values and the obtained results were recorded
and given in Table 8. The maximum errors were found to
be 2%, which indicates the soundness of the prediction
capability of the optimization model developed.

6 Conclusions

1) The friction stir spot welding windows were
developed, tool rotation speed—plunge depth diagrams
and tool rotational speed—dwell time diagrams were
developed for identifying the processing regions to join
Al5052 aluminium alloy with C27200 copper alloy.
These operating limit diagrams were prepared to act as
reference maps for future design and welding engineers
for selecting appropriate friction stir spot welding
process parameters for obtaining good quality dissimilar
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Fig. 13 Surface plots for interface hardness model

Table 8 Results of confirming experiments

Tensile shear failure load/N Interface hardness (HV)

E
P . . Error/ . . Error/
No. Predicted Experimental o Predicted Experimental
0 0
1 3811 -1.01 80.6 —-0.04
2 3850 3908 1.50 81 82.3 1.60
3 3773 -2.0 79.4 -1.97

Al—Cu spot joints.

2) A central composite design matrix was chosen for
development of empirical relationship between the
important process parameters affecting the tensile
strength of the joints such as tool rotational speed, dwell
time and plunge depth.

3) Empirical relationships were developed for
prediction of maximum tensile shear failure load value
and minimum interface hardness for the dissimilar

friction stir spot welded A15083—C27200 joints.

4) Using response surface methodology, the
optimized values of input process parameters were found
to be tool rotational speed of 1350 r/min, plunge depth of
1.95 mm, and dwell time of 13.5 s.

5) The maximum tensile shear failure load value
was 3850 N and the minimum hardness value was found
to be HV 81 for the A15052 and C27200 joints, predicted
using the developed optimization model.
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