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Aluminium metal matrix composites has gained importance in recent time because of its improved mechanical and
metallurgical properties. The welding of aluminium metal matrix composites using conventional welding process has got
many demerits so in order to overcome them a solid state welding process is to be employed. To achieve a good strength,
weld in the aluminium metal matrix composite bars an efficient and most preferred technique is friction welding. In this
work the aluminium metal matrix composite AA7075 + 10 % vol SiC-T6 is selected and friction welded. The combination
of friction welding process parameters such as spindle speed, friction pressure, upset pressure and burn-off- length for
joining the AA7075 + 10 % vol SiCP-T6 metal matrix composite bars are selected by Taguchi’s design of experiment. The
optimum friction welding parameters were determined for achieving improved ultimate tensile strength and the hardness
using grey relational analysis. A combined grey relational grade is found from the determined grey relational coefficient
of the output responses and the optimum friction welding process parameters were obtained as spindle speed – 1200 rpm,
friction pressure – 100 MPa, upset pressure – 250 MPa, Burn-off-Length – 2 mm. Analysis of variance (ANOVA)
performed shows that the friction pressure is the most significant friction welding parameter that influences the both the
ultimate tensile strength and hardness of friction welded AA7075 + 10 % volSiCP-T6 joints. The fractured surface under
microstructure study also revealed good compliance with the grey relational grade result.
Keywords: aluminium metal matrix composite, Taguchi’s design of experiments, friction welding, ultimate tensile
strength, hardness, optimization, grey relational analysis, ANOVA.

1. INTRODUCTION

Therefore, the heat input must be kept as low as possible
when joining these materials and hence the conventional
fusion welding process cannot be used for effective welding
of the AAMMCs. The solid state welding process like
friction welding can be effectively used for welding
AAMMCs as its welding temperature falls well below the
melting point of the matrix metal thereby avoiding the
problems associated with the fusion techniques [3, 4].
Among the available solid state welding process friction
welding process is an efficient and environmental friendly
because of non-requirement of filler material or flux as a
result no hazardous fumes are produced. During joining of
two parts using friction welding process one part will be
kept stationary while the other part will be rotating by
rubbing the stationary part with initial friction pressure to
produce heat in the interface. When the heat between the
interface reaches the welding temperature, then the rotation
of the workpiece should be stopped and final upset pressure
is to be applied to complete the welding process.
In the friction welding process good quality of joint
produced between the two rubbing surfaces can be achieved
mainly by controlling the process parameters like Spindle
Speed (SS), Friction Pressure (FP), Upset Pressure (UP) and
Burn-off-length (BOL) [5]. The Ultimate Tensile Strength
(UTS) and the Hardness (HD) of the welded joint plays a
predominant role in deciding the weld quality. The
Taguchi’s DOE is an influential tool in quality optimization

Aluminium alloys are employed in the aerospace,
automotive and marine applications because of its good
strength to weight ratio. Among the aluminium alloys,
AA7075 alloy is the one, which has got good mechanical
properties as it is strengthen by the precipitate MgZn2 and
Mg3Zn due to the presence of Mg and Zn in it. Low density,
good cryogenic property and good response to age
hardening have attracted this alloy in the fabrication of
military vehicles, storage tanks, naval and marine
applications.
Aluminium Alloy metal matrix composites (AA
MMCs) reinforced with ceramic particles merge the
properties of the matrix with those of the ceramic
reinforcement and exhibit superior properties like higher
specific strength and good thermal stability when compared
to the corresponding monolithic alloys [1]. However, the
application of AA MMCs as structural materials has been
narrower due to the demerits of the conventional welding
process in making the welded joints. The foremost problem
is that the aluminium matrix and its alloying elements
(e.g. Mg, Ti) have a greater affinity towards the ceramic
particles when the temperature of the joining process
elevates above the melting point of the matrix alloy and as
a result the embrittlement of the matrix alloy and decrease
in the reinforcement and matrix strength occurs [2].
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[6]. Taguchi’s technique makes use of a special design of
orthogonal array (OA) to study the required characteristics
through a minimum number of experiments. Grey relational
analysis is a simple and powerful statistical tool used for
multiple objective performance characteristics to obtain the
best parameter combination [7 – 9].
In this paper grey relational analysis is used to predict
the optimum combination of the friction welding process
parameters to achieve good UTS and HD during welding of
AA7075 + 10 % vol SiCP-T6 composite.

As the application of AA7075 is predominantly found
in the marine environment, to predict the strength of the
friction welded joints tensile test was conducted. In the
course of marine application, the material will be subjected
to corrosion and as the hardness of the material got a direct
impact on the resistance towards corrosion the hardness test
was performed on the friction welded joints.
The welded samples were machined as shown in Fig. 2.
along its axis according to ASTM B557M standard size. The
ultimate tensile strength was predicted using the tensile test
machine with the make of associated scientific engineering
works having 5 ton loading capacity and integrated with
digital encoder. The fractured specimen after the tensile test
is shown in Fig. 3.

2. MATERIAL PREPARATION AND FRICTION
WELDING
Aluminium alloy AA7075 was selected as a matrix
material whose chemical composition is given in the Table 1
and for reinforcement ceramic material SiC particulate was
selected [10]. The AA7075 + 10 % vol SiCp-T6 metal
matrix composite was prepared using the stir casting
method.
Table 1. Chemical composition of AA7075
Element
Cr Cu Fe Mg Mn Si
Ti Zn
Al
Composition
0.20 1.8 0.4 2.5 0.12 0.025 0.05 5.5 Balance
wt.%

The microstructure of the specimen in Fig. 1., shows the
uniform distribution of the composite particles in the metal
matrix aluminium alloy AA7075 + 10 % vol SiCP-T6.

Fig. 2. Tensile test specimen

Fig. 3. Tensile test fractured specimens

Fig. 1. Microstructure of the AA7075 + 10 % vol SiCp-T6

Friction
welding
on
the
cast
rods
of
AA7075 + 10 % vol SiCP-T6 had been done on the
continues drive friction welding using the Taguchi’s L27
orthogonal array framed by taking the four process
parameters such SS, FP, UP and BOL with three level in
each of them [11] as shown in the Table 2. The samples
were then friction welded as per the Taguchi’s L27
orthogonal array shown in the Table 3.
Fig. 4. Vicker‘s hardness test specimens

Table 2. Friction welding process parameters with levels for
framing L27 orthogonal array

Level 1
Level 2
Level 3

Spindle
speed,
rpm
A1-1200
A2-1500
A3-1800

Friction
pressure,
MPa
B1-50
B2-75
B3-100

Upset
pressure,
MPa
C1-150
C2-200
C3-250

The Vickers microhardness tester of Wilson Wolpert
make with loading capacity ranging between 10 g to 1 kg
was used. The Vickers’s hardness in the weld centre was
measured after etching using Keller’s reagent on the mould
obtained by cutting the welded specimen along its radius in
the welded zone as shown in Fig. 4. All the values of
ultimate tensile strength and the hardness are tabulated in
the Table 3.

Burn off
length, mm
D1-1
D2-2
D3-3
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Table 3. Experimental result for the ultimate tensile strength and hardness
Ex. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Spindle
speed, rpm
1200
1200
1200
1200
1200
1200
1200
1200
1200
1500
1500
1500
1500
1500
1500
1500
1500
1800
1800
1800
1800
1800
1800
1800
1800
1800
1800

Friction pressure,
MPa
50
50
50
75
75
75
100
100
100
50
50
50
75
75
75
100
100
100
50
50
50
75
75
75
100
100
100

Upset pressure, MPa
150
200
250
150
200
250
150
200
250
150
200
250
150
200
250
150
200
250
150
200
250
150
200
250
150
200
250

Burn off length,
mm
1
2
3
1
2
3
1
2
3
3
1
2
3
1
2
3
1
2
2
3
1
2
3
1
2
3
1

Ultimate tensile
strength, MPa
205.305
198.456
192.119
224.025
217.828
222.766
243.338
248.983
240.123
206.893
200.34
192.234
225.456
199.234
223.456
245.987
251.87
248.45
211.123
203.298
196.87
229.374
222.87
226.09
250.098
253.112
247.129

Hardness
124.456
138.11
152.654
137.521
147.228
155.557
132.342
146.671
161.212
122.975
137.604
148.453
129.658
138.457
154.076
130.121
145.19
159.51
121.494
135.553
147.252
126.517
138.126
152.595
129.358
143.709
158.218

Here grey relational analysis was used to obtain the
optimum process parameters for the friction welding
process on aluminium metal matrix composite
(AA7075 + 10 % vol SiCP-T6). The influencing parameters
for the process were selected and various levels of input
characteristics were considered [16]. Initially the
multiresponse characteristics was normalised into a single
attribute to obtain the grey relational coefficient (τ) and
eventually the grey relational grading (δ) [17]. Once the
grey coefficient was obtained, the parameters were analysed
both theoretically by ANOVA and experimentally [18]. The
congruence between the two provides the conformation of
the optimum parameters. The GRA process is explicitly
explained through flow chart shown in Fig. 5.

2.1. Regression equation
Regression equation is the mathematical model
developed to predict the output parameter through input
parameters. The regression equation for the UTS and HD
values were developed using the friction welding process
parameters SS, FP, UP and BOL using the values in Table 3
and shown in Eq. 1 and Eq. 2.
𝑈𝑇𝑆 = 149 + 0.00871𝑆𝑆 + 0.939𝐹𝑃 − 0.0582𝑈𝑃 + 1.02𝐵𝑂𝐿

(1)
𝐻𝐷 = 88.5 + 0.00795𝑆𝑆 + 0.173𝐹𝑃 − 0.261𝑈𝑃 + 0.226𝐵𝑂𝐿

(2)
The accuracy of the obtained output can be found by
predicting the R2 value for the regression equation. Higher
value of R2 means good result. Here in this work the R2
value obtained for UTS is 92.3 % and HD is 97.2 %, which
clearly shows that the UTS and HD values found through
testing are having high accuracy.

3.1. Normalizing the results
The raw data obtained through experimentation is
suitably converted through normalizing for performing grey
relational analysis. The normalizing of the objective
functions is essential for combining the various objectives
with different units to obtain a single objective function.
Therefore, a linear normalisation of the experimental results
hardness and ultimate tensile strength obtained for the
friction welded AA7075 + 10 % vol SiCp-T6 metal matrix
composite was performed in the range between 0 and 1. A
higher normalized values infers betterment in the
performance. The optimum normalized result would be
equal to 1 and the normalisation is done through Eq. 3. The
normalised value of the ultimate tensile strength and
hardness is shown in column 4 and 5 of Table 4
respectively.

3. GREY RELATIONAL ANALYSIS
Grey relational analysis is one of the most powerful
statistical analysis tool for solving problems with complex
correlations and multiple factors and variables [12]. Here
the concept of solving is based on combination of all the
contributing attributes into a single combined attribute [13].
Thus a problem is reduced to a single objective decision
making problem [14]. Grey relational analysis based on
Taguchi’s design of experiments is used to obtain optimised
characteristic process parameters for any problem [15].
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3.2. CALCULATION OF GREY RELATIONAL
COEFFICIENT
The grey relational coefficient was calculated using
Eq. 4 to know the actual variation between the normalised
result and the ideal result. The higher value of grey
relational coefficient infers that the normalised result is
closer to the ideal result. The distinguishing coefficient's
purpose is to vary the range of the grey relational coefficient
and therefore this can be adjusted based on the requirement.
Although different distinguishing coefficients would yield
different result but the rank of the all the grey relation
coefficients obtained using distinguishing coefficients
would remain the same. The value of the grey relational
coefficients is listed in column 6 and 7 of Table 4.
𝜏 =

(𝛽𝑥𝑦 −𝑚𝑖𝑛𝑦 𝛽𝑥𝑦 )

0 −𝛼 |+𝜆𝑚𝑎𝑥 𝑚𝑎𝑥 |𝛼 0 −𝛼 |)
(|𝛼𝑥
𝑥𝑦
𝑥
𝑦 𝑥
𝑥𝑦

,

(4)

where, 𝜏 is the grey relational coefficient; 𝛼𝑥0 is the ideal
normalized result for the xth performance characteristic; λ is
the distinguishing coefficient, (0 ≤ λ ≤ 1) for this study
λ = 0.5.

Fig. 5. Flowchart-GRA process

𝛼𝑥𝑦 =

0 −𝛼 |+𝜆𝑚𝑎𝑥 𝑚𝑎𝑥 |𝛼 0 −𝛼 |)
(𝑚𝑖𝑛𝑥 𝑚𝑖𝑛𝑦 |𝛼𝑥
𝑥𝑦
𝑥
𝑦 𝑥
𝑥𝑦

,

(3)

(𝑚𝑎𝑥𝑦 𝛽𝑥𝑦 −𝑚𝑖𝑛𝑦 𝛽𝑥𝑦 )

3.3. Computation of grey relational grade
Grey relational grade is the average of the grey relational
coefficient for each performance characteristic. The Grey
Relational Grade for each experiment had been found out by
performing L27 orthogonal array using the Eq. 5 and the
values obtained are listed in column 8 of Table 4.

where, 𝛼𝑥𝑦 is the normalized value; 𝛽𝑥𝑦 -the xth experimental
results in the yth experiment.

Table 4. Normalised values and grey coefficients and grade values for hardness and UTS
Response values
Ex. No
Col 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Normalized values

Grey relational coefficients

UTS, MPa

Hardness

UTS

Hardness

UTS

Hardness

Col 2
205.305
198.456
192.119
224.025
217.828
222.766
243.338
248.983
240.123
206.893
200.34
192.234
225.456
199.234
223.456
245.987
251.87
248.45
211.123
203.298
196.87
229.374
222.87
226.09
250.098
253.112
247.129

Col 3
124.456
138.11
152.654
137.521
147.228
155.557
132.342
146.671
161.212
122.975
137.604
148.453
129.658
138.457
154.076
130.121
145.19
159.51
121.494
135.553
147.252
126.517
138.126
152.595
129.358
143.709
158.218

Col 4
0.370119
0.410198
0.516088
0.483916
0.525204
0.639797
0.582415
0.729025
0.850651
0.369679
0.411559
0.471294
0.455344
0.413731
0.621321
0.600194
0.757168
0.894231
0.377029
0.408011
0.469403
0.463166
0.482262
0.613799
0.647041
0.765765
0.852489

Col 5
0.074576
0.418349
0.784531
0.40352
0.647918
0.857621
0.273126
0.633894
1
0.037288
0.40561
0.67876
0.205549
0.427086
0.820333
0.217206
0.596606
0.957148
0
0.35397
0.648522
0.126467
0.418752
0.783045
0.197996
0.559318
0.924619

Col 6
0.216189
0.103897
0
0.523109
0.421507
0.502467
0.839752
0.932304
0.787041
0.242225
0.134786
0.001885
0.546571
0.116653
0.51378
0.883183
0.979637
0.923565
0.311577
0.183283
0.077894
0.610808
0.504173
0.556966
0.950584
1
0.901907

Col 7
0.350773
0.462256
0.698842
0.456005
0.586798
0.778357
0.40754
0.577297
1
0.341831
0.456875
0.608836
0.386264
0.466021
0.735655
0.389774
0.553468
0.921061
0.333333
0.436289
0.587214
0.364025
0.462429
0.697394
0.384023
0.531529
0.868989

225

Grey
relational
grade
Col 8
0.389465
0.35814
0.333333
0.511828
0.46361
0.501237
0.757291
0.880753
0.701303
0.397527
0.366243
0.333753
0.524423
0.361442
0.506986
0.810614
0.960868
0.8674
0.420726
0.379732
0.351591
0.562308
0.502095
0.530203
0.910058
1
0.83599

The grey relational grade predicts about the
significance of each performance characteristic on the
output of the experiment. Also this would give us an
insight about the optimum level of these multiple
performance parameters in order to get the best possible
output. Greater value of grey relational grade indicates a
stronger relationship between the parameters and also that
the experimental results are closer to the ideal results.
𝛿𝑦 =

1
𝑧 ∑𝑧𝑥=1 𝜏𝑥𝑦

,

4. ANALYSIS OF VARIANCE (ANOVA)
The statistical tool used to determine the impact of the
parameters on the process performance is the analysis of
variance [19]. Variance is the measure as to find how every
individual widely vary in a group. The analysis of variance
provides the contribution of each parameter towards the
inappropriate performance [20]. This is done by
incorporating the sum of squares method, where Sum of
Squares (SS) is the sum of squared differences from the
mean of the grey relational grade(𝛾𝑚 ). The Total Sum of
Squares of grey relational grade (TSS) can be calculated
from:

(5)

where, δy is the grey relational grade for the yth
experiment; z is the number of performance
characteristics.

𝑇𝑆𝑆 = ∑𝑙𝑘=1( 𝛾𝑙 − 𝛾𝑚 )2 ,

where, TSS is the total sum of squares; K is the number of
experiments in the orthogonal array; 𝛾𝑙 is the mean grey
relational grade for the kth experiment.
The Mean Sum of Squares (MSS) is the ratio of SS of
each parameter to the degree of freedom of that particular
process parameter. The mean square is also found for the
Sum of Squares of error (SSE), which is a part of the total
SS. Further the F-Test (Fisher’s test) is used to find which
parameter has the most significant effect on the process
performance [21]. The parameter with large F value has
the most significant value [22]. The ANOVA result is
shown in Table 6.

3.4. Determining the most significant process
parameter
The parameter which affects the responses in the
experiment based on the average grey relational grade at
various levels had been determined by finding the
difference between maximum and minimum values of the
grey relational grade. Higher this difference indicates
higher significance of the particular performance
parameter on the output result of the experiment and it is
clearly shown in Table 5. The friction pressure was found
to be the most significant friction welding process
parameter
during
friction
welding
of
AA7075 + 10 % vol SiCP-T6 metal matrix composite.

Table 6. ANOVA
Source DF Seq SS Adj SS Adj MS
F
SS
2 0.000766 0.000766 0.000383 0.47
FP
2 0.481204 0.481204 0.240602 295.69
UP
2 0.142846 0.142846 0.071423 87.77
BOL
2 0.020740 0.020740 0.010370 12.74
Error 18 0.014647 0.014647 0.000814
Total 26 0.660204
-

Table 5. Grey relational grade for each process parameter
combination
Process
parameter Level 1
Spindle
speed, 0.56749
rpm
Friction
pressure, 0.54078
MPa
Upset
pressure, 0.542506
MPa
Burn off
length, 0.551093
mm

Grey relational grade
Level 2 Level 3 Max-Min

Rank

0.554947 0.564329 0.012543

4

(7)

%C
0.1185
74.5431
22.1267
3.2117
-

DF-Degree of Freedom, SS-Sum of Square, MS-Mean Square

0.553295 0.582647 0.041867

1

0.558332 0.576023 0.033517

2

0.569645 0.555753 0.018552

The results of the analysis of variance shows that the
most significant factor is Friction Pressure (FP).

4.1. Confirmation experiment
The result of the ANOVA provides the significant
parameters and contributions. The response table provides
the optimum working parameters, based on the values of
the grey relational grade. The obtained optimum
parameters are experimentally verified and validated using
the estimated grey relational grade using the Eq. 8 and it is
shown in Table 7.

3

3.5. Confirmation
It is essential to predict and to verify the improvement
of the performance characteristics using the optimum level
of machining parameters that is obtained in the previous
step using the Eq. 6.
Predicted grey relational grade:
𝛿̂ = 𝛿𝑚 + ∑𝑛𝑥=1(𝛿𝑦 − 𝛿𝑚 ) ,

𝑞
𝛾̂ = 𝛾𝑚 + ∑𝑖 =1( 𝛾̅𝑘 − 𝛾𝑚 ) ,

(8)

where, 𝛾𝑚 is the total mean of grey relational grade; 𝛾̅𝑘 is
the mean of the grey relational grade at the optimum level.;
q is the total number of significant parameters that affect
the process performance.
The values of the output parameters for the best result
obtained from the grey relational grade in Table 5 are
compared with optimum result as predicted from Table 7.
The optimum combination of the parameters was found to
be A1B3C3D2. The predicted result is experimentally
validated and deviation was found to be within the
acceptable range.

(6)

where, 𝛿𝑚 is the mean grey relational grade; 𝛿𝑦 is the mean
grey relational grade at optimum level; n is the number of
parameters that significantly affect the multi performance
characteristics.
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welded AA7075 – 10 % vol SiCp-T6 with the optimised
process parameters, Scanning Electron Microscope (SEM)
study had been applied. It had been predicted that the
fractured surface in the Fig. 7. shows dimples and cleavage
to represent ductile-brittle failure and it is in supportive
with the objective to achieve high ultimate tensile strength
and hardness. As the optimized friction welding
parameters are having higher levels of friction pressure
and upsetting pressure, work hardening happens in the
weld zone because of which it has been observed that
percentage increase in hardness value is found to be more
when compared with that of percentage increase in UTS
value [25].
Fig. 8. shows the SEM image of the fractured surface
of specimen (Ex.No.7) which has given high UTS value,
shows a ductile failure as shallow dimples are seen. The
SEM image of the fractured surface of specimen
(Ex.No.26) which has given low UTS, has predominantly
shown larger dimples with more cleavages confirming a
brittle failure and it is shown in Fig. 9.

Table 7. Comparison result of initial and optimum combination
of process parameters
List of
parameters
Setting level
Hardness
UTS, MPa
Grey relation
grade

Initial
machining
parameters
A1B1C1D1
124.456
205.305
0.370119

Optimum machining
parameters
Prediction
Exp.
A1B3C3D2
A1B3C3D2
145.0464
147.4
227.586
228.3
0.609

0.613

5. RESULTS AND DISCUSSION
When
the
welded
AA7075 – 10 % vol SiCP
reinforced metal matrix composite materials are subjected
to tensile loading, the distributed particles will be
receiving the stress. As the stress value develops around
the particles, it reaches a critical value after which the
particles will be unable to withstand the stress and it
fractures or gets decohesion from the aluminium metal
matrix. This mechanism creates internal defects leading to
increase in the voids causing in reduction the ductility of
the material. In tensile test the gauge length of the
specimen undergoes uniform deformation but during
hardness measurement in the welded metal matrix
composite the localized region below the indenter where
the concentration of SiCP is high due to the friction
welding effect only gets plasticized. When the indenter
load gets applied on the SiC particle, they do not
experience the fracture as in the case of tensile test
resulting in a strengthening effect and that gets reflected
in the hardness value. So only variation in linear
relationship between the UTS and hardness value is seen
in the friction welded metal matrix composite which is in
contrast with that of the monolithic material [23].

Fig. 7. Microstructure of the fractured surface

5.1. MICROSTRUCTURE
The microscopic image of the weldment produced
under optimized friction welding parameter is shown in
Fig. 6.

Fig. 8. SEM image of high UTS specimen

Fig. 6. Microstructure of the friction weld zone

Unlike the non-welded AA7075 – 10 % vol SiCP-T6
during the friction welding process the SiC particles in the
weld zone breaks down to smaller size [24] and get
distributed all over the weld zone thereby increasing its
strength and at that same time in some region
agglomeration of the SiC particles will also take place
eventually causing increase in hardness. To predict the
type of failure of the fractured surface of the friction

Fig. 9. SEM image of low UTS specimen

6. CONCLUSIONS
From this work, it has been firmly proved that the grey
relational analysis is the effective optimisation tool for
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friction welding of the AA7075 – 10 % vol SiCP-T6
welded joints. The following were the results obtained:
1. It had been found that the optimal combination of
friction welding process parameters for combined
objective of enhanced UTS and HD through grey
relational analysis is spindle speed 1200 rpm, friction
pressure 100 MPa, upset pressure 250 MPa, burn off
length 2 mm.
2. An impressive improvement in hardness by 20 % and
in ultimate tensile strength by 13.78 % was observed.
3. The SEM image of the fractured surface also revealed
good compliance with objective by showing ductilebrittle failure.
4. This research work proves that using grey relational
concept for optimising multi response problems yields
best result as the difference between the predicted
value and experimental value is found to be very less.
5. Analysis of variance proved that the friction pressure
is the most significant parameter for friction welding
AA7075 – 10 % vol SiCP-T6 joints by contributing
about 74%, followed by upset pressure about 22.7 %.

8.

9.

10.

11.
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