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A B S T R A C T

Friction Stir Processing (FSP) has been established as a potential solid state production method to prepare
aluminum matrix composites (AMCs). FSP was effectively applied to produce AA6082 AMCs reinforced
with various ceramic particles such as SiC, Al2O3, TiC, B4C and WC in this work. Empirical relationships
were estimated to predict the influence of FSP process parameters on the properties such as area of stir
zone, microhardness and wear rate of AMCs. FSP experiments were executed using a central composite
rotatable design consisting of four factors and five levels. The FSP parameters analyzed were tool rota-
tional speed, traverse speed, groove width and type of ceramic particle. The effect of those parameters
on the properties of AMCs was deduced using the developed empirical relationships. The predicted trends
were explained with the aid of observed macro and microstructures.
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1. Introduction

Aluminum matrix composites AMCs have evolved as potential
materials to alternate conventional monolithic aluminum alloys in
many applications owing to its high specific strength and stiff-
ness, low density, low thermal expansion coefficient and high wear
resistance. AMCs are used in numerous industries that are not limited
to aerospace, automotive, defense, naval, electronic packaging,
thermal and sports [1–4]. Nevertheless, the production of AMCs
remains a challenging task to achieve high performance and service
life. Liquid metallurgy routes are commonly adopted to produce
AMCs due to its simplicity and applicability to mass production [5,6].
But several defects such as poor wettability, interfacial reactions,
decomposition of ceramic particles, porosity and poor distribu-
tion are encountered [7–9].

Friction stir processing (FSP) is a novel solid state method to
produce AMCs and a promising method to overcome the limita-
tions of liquid metallurgy routes [10–12]. The ceramic particles are
packed along the tool travel direction using various methods in-
cluding vertical cylindrical holes [13], square grooves [14] and V
shaped grooves [15]. The frictional heat developed by the rotating
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shoulder and the pin plasticizes the aluminum alloy. The transverse
movement of the tool causes the transportation of plasticized
material from advancing side to retreading side. Subsequently the
groove portion crumbles and the stirring action of the tool dis-
perses the packed ceramic particles into the plasticized aluminum
alloy. The AMCs is thus formed and forged at the back of the tool
due to the applied axial force [16,17].

Some studies on production of AMCs using FSP were reported
in literatures [18–24]. Mahmoud et al. [18] investigated the role of
tool rotational speed, traverse speed and number of passes on the
distribution of AA1050/SiC AMCs. Lim et al. [19] found that increas-
ing the tool rotation speed improved the homogeneity of nanotubes
in AA6111/CNT AMCs. Kurt et al. [20] reported that tool rotational
speed and traverse speed significantly affect the thickness of com-
posite layer, grain size and distribution of reinforcements in AA1050/
SiC AMCs. Salehi et al. [21] optimized the FSP process parameters
to produce AA6061/SiC using Taguchi parametric design ap-
proach. Moghaddas and Bozorg [22] stated that rotational speed is
more effective on stirred zone area than traverse speed in AA5754/
Si3N4 AMCs. Devaraju et al. [23] attempted to optimize the FSP
parameters to produce high wear resistant AA6061/(SiC + Gr) hybrid
AMCs. Bahrami et al. [24] showed that the traverse speed controls
the grain size and tensile strength of AA7075/SiC nano AMCs.

The majority of the published literature focused on the effect of
one or few FSP parameters on microstructure, hardness, tensile strength
and wear rate. SiC and Al2O3 particles at nano and micro levels were
g/licenses/by-nc-nd/4.0/).
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used predominantly for producing AMCs using FSP. Therefore, an
attempt has been made to develop empirical relationships to predict
the stir zone area, hardness and wear rate of AA6082 AMCs incor-
porating FSP parameters using statistical tools such as design of
experiments, analysis of variance etc. SiC, Al2O3, TiC, B4C and WC were
used as reinforcements. The FSP experiments were conducted ac-
cording to central composite design (CCD) [25–29].

2. Experimental procedure

2.1. Identification of process parameters

Fig. 1 lists the FSP parameters, which control the mechanical and
tribological properties of AMCs. The major parameters that appre-
ciably affect the properties are tool rotational speed (N), traverse
speed (S), groove width (W) and type of ceramic particle (C)
[18,20,22,30].

2.2. Finding the limits of the process parameters

The operational range of each identified process parameters were
fixed based on several set of trial runs. Typical FSP defects such as
tunnel, pin hole, worm hole etc were checked at the cross-section
of trial specimens and crown appearance was examined for its
smoothness. The limits of each factor were chosen so that the FSP
zone is free from any kind of defects. The upper and lower limit of
each factor was coded as +2 and −2 respectively to facilitate the re-
cording and processing experimental data. The intermediate values
were estimated using the following correlation.

X X X X X Xi = − +( )[ ] −( )2 2 max min max min (1)

where Xi is the required coded value of a variable X; X is any value
of the variable from Xmin to Xmax; Xmin is the lowest level of the vari-
able; Xmax is the highest level of the variable. The selected levels and

process parameters with their units and notations are furnished in
Table 1.

2.3. Developing the design matrix

A four factor, five level central composite rotatable factorial design
consisting of 31 sets coded conditions with seven center points as
given in Table 2 was applied to carry out the experiments. A com-
prehensive description of the design matrix is available elsewhere
[31,32].

2.4. Production of AMCs as per design matrix

Aluminum alloy AA6082 plates of 100 mm length, 50 mm width
and 10 mm thickness were used for this investigation. The elec-
tron backscatter diffraction (EBSD) map and composition of as
received aluminum alloy is presented in Fig. 2 and Table 3 respec-
tively. Grooves were machined at the center of the plate using wire
EDM and packed with five kinds of ceramic particles such as Al2O3

(~10 μm), SiC (~8 μm), TiC (~2 μm), B4C (~4 μm) and WC (~5 μm)
as detailed in Table 1. The SEM micrographs of those ceramic par-
ticles are depicted in Fig. 3. A pinless tool was at first used to envelop
the open end of grooves to avoid the particles from escaping during
FSP. A tool having threaded profile and made of HCHCr steel as
shown in Fig. 4 was used for this investigation. The tool had a shoul-
der diameter of 18 mm, pin diameter of 6 mm and pin length of
5.5 mm. The tool was oil hardened to 63 HRC. A single pass FSP was
carried out semiautomatically on an indigenously built FSW machine
(M/s RV Machine Tools, Coimbatore, India). A detailed description
of FSP procedure is available in a published work [33]. FSP experi-
ments were executed randomly as per the design matrix in Table 2
to remove any systematic errors creeping into the system. The fric-
tion stir processed plates are shown in Fig. 5.

 

Fig. 1. FSP parameters influencing the properties of surface composite.

Table 1
Friction stir processing parameters and their levels.

No Parameter Notation Unit Levels

−2 −1 0 1 2

1 Rotational speed N rpm 800 1000 1200 1400 1600
2 Traverse speed S mm/min 20 40 60 80 100
3 Groove width W mm 0 0.4 0.8 1.2 1.6
4 Ceramic powder C – Al2O3 SiC TiC B4C WC
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2.5. Recording the response parameters

Specimens were machined from the friction stir processed plates
to assess microstructure and microhardness. The specimens were thor-
oughly polished according to standard metallographic procedure and
etched with Keller’s reagent. The etched specimens were observed
using a scanning electron microscope and EBSD. The digital image of
the macrostructure of the etched specimens was captured using a
digital optical scanner. The area of the FSP zone was computed using
an image analyzer. The microhardness was recorded using a
microhardness tester at 500 g load applied for 15 seconds at ten dif-
ferent locations within the FSP zone. The average value was taken to
represent for each trial run. Care was taken not to land the indenter
directly on the particles. Specimens of size 40 mm × 6 mm × 5 mm
were prepared from the FSP zone using wire electric discharge ma-
chining (WEDM) to estimate wear rate. The wear rate of AMCs was
measured using a pin-on-disc wear apparatus (DUCOM TR20-LE) at
room temperature according to ASTM G99-04 standard. The wear test
was conducted at a sliding velocity of 1 m/s, normal force of 25 N
and sliding distance of 2500 m. The polished surface of the pin was
slid on a hardened chromium steel disc. A computer aided data ac-
quisition system was used to monitor the loss of height. The volumetric
loss was computed by multiplying the cross-sectional area of the test
pin with its loss of height. The wear rate was obtained by dividing
volumetric loss to sliding distance.

Table 2
Design matrix with its experimental results.

Trial run FSW process parameters FSP area (mm2) Hardness (Hv) Wear rate (× 10−5 mm3/m)

N S W C

FSP01 −1 −1 −1 −1 58 96 482
FSP02 +1 −1 −1 −1 56 87 517
FSP03 −1 +1 −1 −1 51 104 410
FSP04 +1 +1 −1 −1 50 95 455
FSP05 −1 −1 +1 −1 43 117 379
FSP06 +1 −1 +1 −1 44 106 421
FSP07 −1 +1 +1 −1 38 131 319
FSP08 +1 +1 +1 −1 39 119 380
FSP09 −1 −1 −1 +1 52 99 474
FSP10 +1 −1 −1 +1 54 90 511
FSP11 −1 +1 −1 +1 52 107 428
FSP12 +1 +1 −1 +1 51 98 440
FSP13 −1 −1 +1 +1 41 120 372
FSP14 +1 −1 +1 +1 47 109 397
FSP15 −1 +1 +1 +1 37 135 316
FSP16 +1 +1 +1 +1 42 118 343
FSP17 −2 0 0 0 40 151 315
FSP18 +2 0 0 0 54 98 446
FSP19 0 −2 0 0 57 97 421
FSP20 0 +2 0 0 39 149 362
FSP21 0 0 −2 0 60 73 530
FSP22 0 0 +2 0 33 141 347
FSP23 0 0 0 −2 48 84 445
FSP24 0 0 0 +2 46 85 440
FSP25 0 0 0 0 48 121 417
FSP26 0 0 0 0 47 113 416
FSP27 0 0 0 0 47 115 421
FSP28 0 0 0 0 46 119 416
FSP29 0 0 0 0 48 114 414
FSP30 0 0 0 0 47 117 418
FSP31 0 0 0 0 48 112 424

Fig. 2. EBSD (IPF + grain boundary) map of aluminum alloy AA6082.

Table 3
Chemical composition of AA6082 aluminum alloy.

Element Mg Si Fe Mn Cu Cr Zn Ti Aluminum

wt.% 0.78 1.06 0.21 0.55 0.09 0.03 0.06 0.01 Balance
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2.6. Development of empirical relationships

The response functions representing the FSP area, microhardness
and wear rate of AMCs are functions of rotational speed (N), tra-
verse speed (S), groove width (W) and ceramic particles (C), which
are stated as follows.

R N S W C= ( )f , , , (2)

The second order polynomial regression equation used to rep-
resent the response ‘Y’ for k factors is given by

Y b b x b x b x xi i
i

k

ii i
i

k

ij i j
i

k

= + + +
= = =
∑ ∑ ∑0

1

2

1 1

(3)

The chosen polynomial for four factors is expressed for all the
responses as follows.

R b b N b S b W b C b N b S b W b C
b NS b NW b

= + + + + + + + +
+ + +

0 1 2 3 4 11
2

22
2

33
2

44
2

12 13 114 23 24 34NC b SW b SC b WC+ + + (4)

where b0 is the average of responses and b1, b2, . . . b4, b11, b22, . . .
b44 are the response coefficients that depend on respective main and
interaction effects of parameters. The coefficients were computed
using the statistical software SYSTAT 12. The empirical relationships

were developed after estimating the coefficients. All the coeffi-
cients were tested for their significance level at 95% confidence level.
The insignificant coefficients were removed without affecting the
accuracy of the empirical relationships using Student t-test. The sig-
nificant coefficients were taken into account to construct the final
empirical relationships. The final developed empirical relation-
ships with processing factors in coded form for all responses are
given below.

FSP Area mm N S W2 47 194 1 625 2 958 6 125( ) = + − −. . . . (5)

Microhardness HV N S W

N

( ) = − + +
+ +
115 857 8 042 7 792 13 125

1 9 1 522

. . . .

. . 55 2 475 8 12 2 2S W C− −. . (6)

Wear rate mm m N S

W N

×( ) = + −

− − −

−10 418 22 75 24 167

48 167 9 042 6 2

5 3

2

. .

. . . 992

5 458 6 458

2

2 2

S

W C+ +. . (7)

2.7. Checking the adequacy of the empirical relationships

The statistical outcomes of the developed empirical relation-
ships are furnished in Table 4. The predicted empirical relationship

Fig. 3. SEM micrograph of ceramic powders: (a) SiC, (b) Al2O3, (c) TiC, (d) B4C and (e) WC.
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values will precisely match with the experimental results if the
R-square value is 1. Higher values of ‘R-square’ and lower values of
standard error (SE) show that the empirical relationships are ade-
quate. The adequacy of the developed empirical relationships was
analyzed for all the responses using analysis of variance (ANOVA)
technique, which is given in Table 5. The value of calculated F ratios
was higher than that of the tabulated values at 95% confidence level.
Hence, the developed empirical relationships are quite adequate.

Further, the scatter diagrams as presented in Fig. 6 show that the
actual and predicted values are scattered in both sides and close
to 45° line, which prove the adequacy of the empirical relationships.

2.8. Validation of the empirical relationships

The conformity tests were performed to substantiate the valid-
ity of the developed empirical relationships. Five tests were carried
out at different values of rotational speed, traverse speed, groove
width and ceramic particles other than those used in the design
matrix and their responses were calculated. The obtained results
are presented in Table 6. The error in the prediction was calcu-
lated as per the expression given below. The percentage of error is
within ±8%, which confirms the accuracy of the developed empir-
ical relationships [25,31].

Percentage error experimental value predicted value
predic

= −( )[ /
tted value]×100 (8)

3. Results and discussion

The influence of FSP process parameters (tool rotational speed,
traverse speed, groove width and type of ceramic particle) on area
of the stir zone, hardness and wear rate of AA6082 AMCs were
deduced from the developed empirical relationships. The follow-
ing sections attempt to explain the possible causes for the obtained
trends and correlate with the observed microstructure.

3.1. Effect of tool rotational speed

Fig. 7 depicts the predicted trends of measured responses as a
function of tool rotational speed for a constant set of traverse speed
of 60 mm/min, groove width of 0.8 mm and ceramic particle of TiC.
The area of the stir zone increases linearly (Fig. 7a) as tool rota-
tional speed is increased from 800 rpm to 1600 rpm. The area of
the stir zone was measured to be 44 mm2 at rotational speed of
800 rpm and 51 mm2 at rotational speed of 1600 rpm. The macro-
structure of stir zone at different tool rotational speeds is given in
Fig. 8a,b and i. The increase in the cross-sectional area of the stir
zone with the increase in tool rotational speed is clearly seen. The
tool rotational speed determines the amount of frictional heat pro-
duced during FSP [34]. Moghaddas and Bozorg [22] recorded the
thermal profile during FSP to produce AA5754/Si3N4 AMCs. They ob-
served an increase in peak temperature with an increase in tool
rotational speed. The frictional heat is spent to plasticize the alu-
minum matrix. The higher the available frictional heat, the greater
higher will be the plasticized aluminum. The frictional heat in-
creases as tool rotation speed increases, consequently the amount
of plasticized aluminum increases. Thus the area of the stir zone
enlarges as tool rotational speed is increased from 800 rpm to
1600 rpm.

Fig. 9 reveals the SEM micrographs of AA6082 AMCs as a func-
tion of tool rotational speed. The distribution of the particles is
influenced by the tool rotational speed. The distribution at 800 rpm

Fig. 4. Fabricated friction stir processing tool.

Table 4
Statistical results of the developed empirical relationships.

Response R-square Adjustable R-square SE

FSP area 0.900 0.888 2.203
Microhardness 0.952 0.877 6.554
Wear rate 0.957 0.944 13.170

Table 5
ANOVA results of the developed empirical relationships.

Response Source Sum of squares Degrees of freedom Mean-square F-ratio (calculated) F-ratio (tabulated)

FSP area Regression 1173.792 3 391.264 80.613 2.96
Residual 131.047 27 4.854

Microhardness Regression 10,732.996 7 1356.702 31.588 2.44
Residual 994.875 23 42.950

Wear rate Regression 88,259.597 7 12,608.514 72.690 2.44
Residual 3989.500 23 173.457

I. Dinaharan et al./Engineering Science and Technology, an International Journal 19 (2016) 1132−11441136



Fig. 5. Friction stir processed plates.

Fig. 6. Scatter diagram for the developed empirical relationships.
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(Fig. 9a) is poor. Particles are closely packed in many regions. The
distribution is fairly homogenous as tool rotational speed is in-
creased to 1200 rpm. The distribution further improved at 1600 rpm.
The increase in tool rotational speed increased the mean interpar-
ticle distance. Apart from frictional heat generation, tool rotation
stirs the plasticized material around the pin and results in the trans-
portation of the plasticized material across the stir zone. The material
flow from advancing side to retreading side at 800 rpm is inade-
quate, causing poor distribution. The tool rotational speed is not
sufficient to disperse the packed particles into all regions within the
plasticized aluminum. The FSP process induces plastic strain on the
processed aluminum. This plastic strain increases as tool rotation
speed is increased. The enhanced plastic strain aids to disperse the
particles further into the particles free regions. The agglomeration
of particles fades away.

The microhardness of the AA6082 AMCs (Fig. 7b) decreases as
tool rotational speed is increased from 800 to 1600 rpm. The
microhardness was measured to be 158 HV at 800 rpm and 124 HV
at 1600 rpm. The formation of particle clusters at 800 rpm induces
higher variation in hardness across the stir zone. The indenter rested
directly on the clusters as measurements were made at regular in-
tervals. Therefore, the average hardness is higher at 800 rpm. The
increase in tool rotational speed shatters the particle clusters and
particles are distributed more homogenously in the aluminum
matrix. Concurrently, the area of the stir zone increases with an in-
crease in tool rotational speed. The increase in stir zone area leads

to drop in actual volume fraction of the particles. Because, the same
quantity of particles compacted in the groove is to be distributed
into larger amount of plasticized aluminum. Further the alumi-
num matrix is subjected to higher frictional heat with an increase
in tool rotational speed, which causes softening [16,22]. This leads
to drop in hardness of the AMCs as tool rotational speed is increased.

The wear rate of the AA6082 AMCs (Fig. 7c) increases as tool ro-
tational speed is raised from 800 to 1600 rpm. The wear rate was
estimated to be 315 × 10−5 mm3/m at 800 rpm and 446 × 10−5 mm3/m
at 1600 rpm. According to Archard’s law, the wear rate of metallic
materials is inversely proportional to the hardness of the material
[35]. The drop in microhardness of the AMCs weakens the ability
to resist the removal of metal in course of sliding wear.

3.2. Effect of traverse speed

Fig. 10 shows the predicted trends on the properties of AA6082
AMCs as a function of traverse speed for a constant set of tool ro-
tational speed of 1200 rpm, groove width of 0.8 mm and ceramic
particle of TiC. The area of the stir zone (Fig. 10a) reduces linearly
as the traverse speed is increased from 20 mm/min to 100 mm/min.
The area of the stir zone was computed to be 45 mm2 at lower tra-
verse speed of 20 mm/min and 23 mm2 at higher traverse speed of
60 mm/min. The macrostructure of stir zone at different traverse
speed is depicted in Fig. 8c,d and i. It is evident that the area of the
stir zone decreases with an increase in traverse speed. The rotational

Table 6
Results of conformity experiments.

Trial run FSW process parameters FSP area (mm2) Microhardness (HV) Wear rate (× 10−5 mm3/m)

N S W C Actual Predicted Error (%) Actual Predicted Error (%) Actual Predicted Error (%)

1 1.25 −1.5 −1.25 −2 58 61 −5.41 51 48 6.25 522 549 −4.91
2 0.75 −0.25 0.5 −1 49 46 6.31 100 107 −6.54 434 419 3.49
3 0.25 −0.75 1.5 0 43 41 5.83 117 123 4.87 398 378 5.36
4 −0.5 0.75 0.75 1 37 40 −6.49 119 127 −6.29 334 356 −6.21
5 −1.5 −1.25 −0.5 2 55 52 6.76 93 85 9.41 402 435 −7.63
Average 1.4 1.54 1.98

Fig. 7. Effect of tool rotational speed on (a) area of stir zone, (b) microhardness and (c) wear rate of AA6082 AMCs.
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motion of the tool generates frictional heat. The traverse speed con-
trols the available frictional to unit length of FSP. It limits the residing
time of frictional heat [36]. The residing time reduces as traverse
speed increases and the quantity of available frictional heat is de-
creased. More aluminum is plasticized at traverse speed of
20 mm/min due higher residing time and availability of high fric-
tional heat. The stir zone is broader. But the residing time is low
at traverse speed of 100 mm/min and the amount of plasticized alu-
minum is low, resulting in smaller stir zone.

Fig. 11 reveals the SEM micrographs of AA6082 AMCs as a func-
tion of traverse speed. The micrographs indicate that the distribution
is affected by the change in traverse speed. The distribution of par-
ticles is reasonably homogenous at 20 mm/min. No particle clusters
is observed. But particles are closely packed and cluster of par-
ticles is also noticed at 100 mm/min. The increase in traverse speed
reduced the average inter particle distance and caused the forma-
tion of particle clusters. The tendency to form particle clusters
increased with an increase in traverse speed. The traverse speed
not only dictates the residing time of frictional heat but also the
available degree of tool rotation. The stirring action of the tool is
vigorous at traverse speed of 20 mm/min, which induces high plastic
strain on the aluminum matrix and disperses the particles effec-
tively into the plasticized aluminum. The intense stirring and
adequate material flow produces homogenous distribution. The avail-
able stirring action of the tool is inadequate at traverse speed of
100 mm/min and leads to improper mixing of particles and plas-
ticized aluminum. Hence, the particles are closely located and
clusters are formed.

The microhardness of the AA6082 AMCs (Fig. 10b) increases as
traverse speed is raised from 20 mm/min to 100 mm/min. The
microhardness was estimated to be 120 HV at 20 mm/min and
157 HV at 100 mm/min. The actual volume fraction of particles is
low at traverse speed of 20 mm/min due to higher amount of
plasticized material and larger stir zone area. The decrease in in-
terparticle distance with an increase in traverse speed raises the
hardness of the AMCs. The wear rate of the AA6082 AMCs (Fig. 10c)
decreases as traverse speed is raised from 20 mm/min to
100 mm/min. The wear rate was computed to be 421 × 10−5 mm3/m
at 20 mm/min and 362 × 10−5 mm3/m at 100 mm/min. The com-
posite provides resistance to removal of metal during sliding wear
due to an increase in hardness. Therefore, the wear rate reduces with
an increase in tool traverse speed.

3.3. Effect of groove width

Fig. 12 shows the predicted trends of measured responses as a
function of groove width for a constant set of tool rotational speed
of 1200 rpm, traverse speed of 60 mm/min and ceramic particle of
TiC. The area of the stir zone decreases linearly as groove width is
increased from 0 mm to 1.6 mm. The area of the stir zone was as-
sessed to be 60 mm2 at zero groove width and 33 mm2 at groove
width of 1.6 mm. The macrostructure of stir zone at different groove
width is depicted in Fig. 8e,f and i. It is visible from the macro-
structures that the area of the stir zone diminishes as groove width
is increased. The possible causes for the reduction in stir zone area
can be attributed to the following factors. First, the quantity of com-
pacted particles increases with increase in groove width. Second,
the quantity of aluminum available for plasticization reduces. The
flow stress of the plasticized composite increases as the quantity
of particles is increased. The ceramic particles are non-deformable,
which inhibit the free flow of plasticized aluminum. Moreover, the
decrease in available aluminum enhances the volume fraction of par-
ticles in the AMCs. Subsequently, the flow stress of the composite
increases further. Therefore, the area of the stir zone reduces as
groove width is increased.

Fig. 13 reveals the EBSD and SEM micrographs of AA6082 AMCs
as a function of groove width. Zero groove width corresponds to
friction stir processed aluminum alloy AA6082. The EBSD map
(Fig. 13a) shows the presence of fine grains compared to coarse grain
size of AA6082 prior to FSP (Fig. 2). The generation of fine grains
can be attributed to dynamic recrystallization [37]. The distribu-
tion of ceramic particles (Fig. 13b and c) in the aluminum matrix
is homogenous irrespective of groove width. As groove width is in-
creased, the number of particles increases in addition to reduction
in average interparticle spacing. The homogenous distribution is a

Fig. 8. Macrographs of AA6082 AMCs of trial runs: (a) FSP17 (N = 800 rpm,
S = 60 mm/min, W = 0.8 mm, C = TiC), (b) FSP18 (N = 1600 rpm, S = 60 mm/min,
W = 0.8 mm, C = TiC), (c) FSP19 (N = 1200 rpm, S = 20 mm/min, W = 0.8 mm, C = TiC),
(d) FSP20 (N = 1200 rpm, S = 100 mm/min, W = 0.8 mm, C = TiC), (e) FSP21
(N = 1200 rpm, S = 60 mm/min, W = 0 mm, C = TiC), (f) FSP22 (N = 1200 rpm,
S = 60 mm/min, W = 1.6 mm, C = TiC), (g) FSP23 (N = 1200 rpm, S = 60 mm/min,
W = 0.8 mm, C = Al2O3), (h) FSP24 (N = 1200 rpm, S = 60 mm/min, W = 0.8 mm, C = WC)
and (i) FSP25 (N = 1000 rpm, S = 60 mm/min, W = 0.8 mm, C = TiC).
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result of sufficient generation of frictional heat, stirring of plasti-
cized composite and material flow across the stir zone. The number
of particle clusters is limited to few. The raise in volume fraction
of particles with an increase in groove width reduces the average
interparticle spacing.

The microhardness of the AA6082 AMCs (Fig. 12b) increases as
groove width is increased from 0 mm to 1.6 mm. The microhardness
was found to be 73 HV at 0 mm and 141 HV at 1.6 mm. The pres-
ence of second phase ceramic particles contributes to an increase
in dislocation density of aluminum. The microhardness is increased

as a result of interaction between particles and dislocations. The dis-
location density increases as groove width is increased due to
increase in number of particles. Therefore, the interaction between
particles and dislocations further go up enhancing the hardness of
the composite. The wear rate of the AA6082 AMCs (Fig. 12c) de-
creases as groove width is increased from 0 mm to 1.6 mm. The
wear rate was estimated to be 530 × 10−5 mm3/m at 0 mm and
347 × 10−5 mm3/m at 1.6 mm. The enhancement of hardness of the
composites retards the removal of material during sliding wear. Thus,
the wear rate is reduced as groove width is increased.

Fig. 9. SEM micrographs of AA6082 AMCs at tool rotational speed of (a) 800 rpm (FSP17), (b) 1000 rpm (FSP25) and (c) 1600 rpm (FSP18).

Fig. 10. Effect of traverse speed on (a) area of stir zone, (b) microhardness and (c) wear rate of AA6082 AMCs.
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3.4. Effect of ceramic particles

Fig. 14 shows the predicted trends on the properties of AA6082
AMCs as a function of type of ceramic particles for a constant set
of tool rotational speed of 1200 rpm, traverse speed of 60 mm/min
and groove width of 0.8 mm. The developed empirical relation-
ship in Equation (5) to predict the area of the stir zone does not
have the ceramic particle term. It means that the value of ceramic
particle coefficient is insignificant and does not affect the area of
the stir zone. The macrostructure of stir zone at different ceramic

particle type is presented in Fig. 8g,h and i. The variation in the
area of stir zone is negligible for a set of FSP parameters. This result
is attributed to insignificant variation in the flow stress of plasti-
cized aluminum with various kinds of ceramic particles. Figs. 13b
and 15 reveal the SEM micrographs of AA6082 AMCs as a function
of type of ceramic particle. It is remarkable to notice a homoge-
neous distribution of particles regardless of the type of ceramic
particle. The distribution is not a function of type of ceramic par-
ticle. It can be concluded that the FSP process is insensitive to the
type of ceramic particle. It is nearly impossible to produce AMCs

Fig. 11. SEM micrographs of AA6082 AMCs at traverse speed of (a) 20 mm/min (FSP19), (b) 60 mm/min (FSP25) and (c) 100 mm/min (FSP20).

Fig. 12. Effect of groove width on (a) area of stir zone, (b) microhardness and (c) wear rate of AA6082 AMCs.
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reinforced with different kinds of ceramic particles by applying con-
ventional liquid metallurgy routes. The distribution depends on
the wettability between the ceramic particle and the molten alu-
minum as well as density gradient [9]. It is evident from EBSD grain
distribution maps (Fig. 16) that the grain size variation is also neg-
ligible among various ceramic particles. The hardness of SiC, Al2O3,

TiC, B4C and WC are respectively 2480 HK, 2100 HK, 2470 HK,
2750 HK and 1880 HK. Nevertheless, AA60682 AMCs reinforced with
TiC particles exhibited higher microhardness and lowest wear rate,
which can be reasoned as follows. There are several factors that
control the properties of AMCs including size, shape, volume frac-
tion, nature of distribution and type of ceramic particles [38]. TiC

Fig. 13. SEM micrographs of AA6082 AMCs at groove width of (a) 0 mm (EBSD map, FSP21), (b) 0.8 mm (FSP25) and (c) 1.6 mm (FSP22).

Fig. 14. Effect of ceramic powders on (a) microhardness and (b) wear rate of AA6082 AMCs.

Fig. 15. SEM micrographs of AA6082 AMCs reinforced with (a) Al2O3 (FSP23) and (b) WC (FSP24).
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particles were characterized with a spherical morphology and
showed lower particle size in comparison to other ceramic par-
ticles considered for this research work. The hardness of B4C particles
are higher compared to TiC particles. But, the hardness of AA6082/
B4C AMC is lower to that of AA6082/TiC AMC. This can be attributed
to fine size, which lowers the interparticle distance and improves
the hardness of the matrix. Therefore, AA6082 AMCs reinforced
with TiC particles manifest higher microhardness and lower
wear rate.

4. Conclusions

AA6082 AMCs reinforced with various ceramic particles were ef-
fectively produced using the novel solid state method FSP. Empirical
relationships were estimated to predict the influence of FSP pa-
rameters on the properties of AA6082. The area of the stir zone that
contained the composite was influenced by tool rotational speed,
traverse speed and groove width. The microhardness and wear rate
were significantly affected by the four FSP parameters considered
in this work. The area of the stir zone was maximum at higher tool
rotational speed, lower traverse speed and minimum groove width.
The distribution of second phase ceramic particles was finer at higher
tool rotational speed and lower traverse speed. The distribution was
unaltered by the variation in groove width and type of ceramic par-
ticle. Higher microhardness and lower wear rate were observed at
lower tool rotational speed, higher traverse speed, maximum groove
width and TiC ceramic particle.
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