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Abstract—In this paper, the wear resistance and microhardness of the hybrid and mono surface composite
with AlI-Mg—Mn alloy (AA5083) as the matrix material and SiC, Al,O3, Gr, and CNT as the reinforcement
material was investigated experimentally. The surface composite was fabricated by friction stir processing
(FSP). The microstructure of the prepared specimens was observed using optical microscopy. Mono rein-
forced surface composite and hybrid reinforced surface composite were tested for their microhardness and
wear resistance before and after FSP and the results were compared. The surface composites showed uniform
dispersion and finer grain size after FSP in comparison with the as-received AA5083. FSP aided the hybrid
reinforced surface composite to increase the maximum microhardness value to 107.5 HV in SiC/Gr rein-
forcement as compared to the 89.11 HV in mono Gr reinforced surface composite and 75.15 HV in as-received
AAS5083. The hybrid surface composite also provided enhanced wear resistance in comparison with the mono

reinforced surface composite and the base material.
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INTRODUCTION

Hybrid metal matrix composites are known for
their improved properties in comparison with mono
reinforced metal matrix composites. In hybrid com-
posites, the matrix material is reinforced with the
combination of two or more reinforcements. The col-
lective properties of hybrid compounds help to
increase the overall properties of the material as com-
pared with the mono compound. It has been observed
in various studies that hybrid reinforcement provides
better wear resistance and mechanical properties in
comparison with mono reinforcement [1—4].

Aluminum alloy due to its high strength-to-weight
ratio and lightweight property, are used in various
marine, aerospace, and automotive industries. Al—
Mg—Mn alloy (AA5083) is one of the aluminum alloys
that is used in the marine industry due to its property
of corrosion resistance [5]. However, the alloy lacks
wear resistance properties. Therefore, various
researchers have developed techniques to improve the
surface property of AA5083 by producing surface
composites [6, 7]. Surface composites are composites
in which only a certain thickness of the material is pro-
cessed to fabricate the surface composite and the
below surface does not change and remains the same
as the base material. One of the techniques for pro-

ducing surface composites is friction stir processing
(FSP) [8].

FSP was developed in 1999 by Mishra et al. [9].
Since then the process has been widely used to fabri-
cate surface composites. FSP helps in the homoge-
neous distribution of the reinforcement material and
provides better grain refinement which further helps in
better mechanical and tribological properties [10, 11].
For the past few years, FSP has also been used by
researchers to fabricate hybrid composites. Moustafa
et al. [4] studied FSP on AA7075/SiC—BN surface
composites and observed that the wear rate of the
material was increased to 53—61% and the microhard-
ness of the hybrid surface composite was increased to
45%. Similarly Kumar et al. [12] studied FSP on
AA6082/Y,0,—Gr and observed that the surface com-
posite showed enhanced wear resistance. Umanath
et al. [13] investigated FSP on different volume frac-
tions of Al6061/SiC—Al,O; and detected that the
hybrid reinforced surface composite showed enhanced
wear resistance with 15% hybrid composite in com-
parison with the 5% hybrid composite.

In FSP most of the studies were focused on either
mono reinforcement or hybrid reinforcement [14—16].
To the best of our knowledge, very limited studies have
been done to study the comparison between mono and
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Table 1.Mono and hybrid reinforcement in the study

Type Reinforcement Ratio
Mono reinforcement SiC 100
Al,O4 100
CNT 100
Gr 100
Hybrid reinforcement SiC/CNT 50:50
SiC/Gr 50:50
Al,O3/CNT 50:50
Al,O5/Gr 50:50

hybrid reinforcement as a collective study [17—19].
Therefore, this study aims to develop surface compos-
ites by mono reinforcement SiC, Al,O;, Gr, CNT, and
hybrid reinforcement SiC/Gr, SiC/CNT, Al,05/Gr,
AlL,O;/CNT on AA5083 aluminum alloy and then
study the effect on wear resistance and micro-hard-
ness properties of the produced hybrid surface com-
posites.

MATERIALS AND METHODS

In this study, aluminum alloy AAS5083 with the
dimensions of 150 x 50 X 5 mm? was selected as the
parent material. The as-received AAS5083 sheet was
examined with the help of a spectroscopy test and the
chemical composition contains Al—94.59, Mn—0.61,
Mg—4.27, SiC—0.0066, Ti—0.021, Zn—0.005, Cr—
0.089, Ni—0.004, Pb—0.002, Sn—0.0001, and Cu—
0.0001 (wt %). Silicon carbide (SiC), carbon nanotube
(CNT), aluminum oxide (Al,O3), and graphite (Gr)
were used as the reinforcement material. To study the
influence of hybrid and mono reinforcement, hybrid
reinforcement with the ratio of 50 : 50 was used in the
study. The reinforcement used in the study is shown in
Table 1.

The process was carried out on the milling machine
(UF-1 BFW) with a vertical head and the process

Shoulder Pin

o B 0 B0

P

Fig. 1. FSP Tool and its dimension.
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parameters of the previous studies [17—20] were
selected for the test. A constant tool traverse speed of
52 mm/min and a rotating speed of 1000 rpm was used
for the process. Hardened H13 steel with 2° tilt angle
and dimensions as shown in Fig. 1 was used for the
FSP process. The hole method was used for the addi-
tion of reinforcement particles into the base material.
Holes with 2 mm diameter and 3 mm depth were
drilled in a zig-zag pattern by using a CNC milling
machine.

The specimens were cut from the nugget zone of
the processed region and were then grounded using
emery papers. The samples were then polished using
diamond paste and substantially etched using Keller
reagent. The microstructural examination and grain
size measurement was carried out using optical
microscopy at various magnifications with an accu-
racy of £2%. The microhardness test was conducted
on Vickers microhardness tester as per the ASTM—
E384 standards. The test was performed using a 200 g
load for 10 s dwell period. The accuracy of the Vickers
microhardness tester was found to be of £1%. The tri-
bological study was performed on pin on disc tribom-
eter as per the ASTM—G99 standard. For the tribo-
logical study, the specimens were prepared and the
mass was measured with the help of a digital balance
with a least count accuracy of 0.001 g. The wear study
was performed by using a sliding distance of 1000 m,
track diameter of 80 mm, and a constant load of 10 N.

RESULTS AND DISCUSSION

The optical microscopy of the as-received AA5083
and friction stir processed (FSPed) AA5083 without
any reinforcement is depicted in Fig. 2. It was found
that the as-received AA5083 depicted an average grain
size of 10.95 pm and FSP aided to refine the grain size
to 8.25 um without any reinforcement particles.

There is a total of 10 specimens that were observed
for optical microscopy and grain size. The average
grain size of the prepared surface composites is shown
in Fig. 3. The optical microscopy of the nugget zones
of the prepared specimens is shown in Fig. 4. The
average grain size of the as-received AAS5083 was
observed to be 10.95 um whereas the FSPed specimen
with mono reinforcement SiC, Al,O;, Gr, and CNT

Fig. 2. (a) As-received AAS5083, (b) FSPed AAS5083 with-
out any reinforcement.
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Fig. 3. Average grain size of the prepared surface composites.

refined the grain size to 8.25, 6.5, 5.45, and 6.75 um
respectively. While the hybrid reinforcement showed
an average grain size of 6.25, 3.85, 6.5, and 5.45 um
respectively. It can be observed from the data that the
grain size of the surface composite was refined by FSP
but the type of reinforcement does not show a signifi-
cant impact on the grain size [21]. However, the
SiC/CNT showed a grain size of 3.85 wm which is
because the CNT was in the size of nanometers which
helped in the better dispersion of reinforcement and
thus better grain refinement in the surface composite.

Processed
region

1389

It was observed that the reinforcement was dis-
persed homogeneously in almost all the specimens.
However hybrid specimens showed onion rings pat-
tern in their micrographs which represents the good
scattering of reinforcement material into AAS5083
[22—24]. It was found that the specimens were free
from any voids or agglomeration and the same is
shown in Fig. 4 which shows that the material move-
ment and stirring action due to the tool were in a good
relationship. Figures 4a—4d shows the FSPed samples
with mono reinforcement viz. SiC, Al,O;, Gr, and
CNT respectively. Gr and CNT due to their lubricant
nature and presence of carbon appear darker in the
micrographs as compare to SiC and Al,O;. Micro-
graphs shows that the reinforcement was evenly dis-
tributed and the processed region showed good mate-
rial movement. Similarly, in Figs. 4e—4h, micrographs
of samples with hybrid reinforcement can be observed.
In these micrographs, it can be seen that the reinforce-
ment was stirred to a particular (spiral-like) direction.
This is due to the reason that the lubricant nature of
Gr and CNT helped in the better movement to the
hard-ceramic particles SiC and Al,O;. These types of
reinforcement movement aid in better dispersion and
free from any defects during FSP. The interfaces
between the nugget and the thermomechanical
affected zone (TMAZ) are shown in Fig. 5. It can be
seen that the grain refinement in the nugget zone is
finer in comparison with the TMAZ, which is as
expected from the TMAZ zone due to the difference in
the temperature during the processing.

The microhardness of the specimens was measured
from the cross-section area, 1.5 mm below the top sur-
face. The hardness was measured from the center of

Processed
region

Dispersed
reinforcement

Onion Rings

Dispersed
reinforcement

Fig. 4. Optical microscopy of the FSPed specimens with reinforcement (a) SiC, (b) Al,O3, (c) Gr, (d) CNT, (e) SiC/Gr,

(f) SiC/CNT, (g) Aly03/Gr, and (h) AL,O;/CNT.
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Fig. 5. Optical microscopy of the transitions between a nugget and TMAZ of the FSPed specimens with reinforcement (a) Sic,
(b) Al,03, (c) Gr, (d) CNT, (e) SiC/Gr, (f) SiC/CNT, (g) Al,03/Gr, and (h) Al,03/CNT.
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Fig. 6. Average microhardness of the prepared surface composites.

the nugget zone towards the advancing side at a dis-
tance of 2 mm between the indentations. The average
microhardness results are shown in Fig. 6. The micro-
hardness profile from the nugget zone to the advanc-
ing side is shown in Fig. 7. It can be observed that the
maximum microhardness was achieved at the center of
the nugget and the microhardness was reduced at the
zone away from the center. This is due to the reason
that the maximum grain refinement occurs at the cen-
ter of the nugget zone and grain refinement reduces
with the distance away from the nugget.

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 123

From the graphs, it is clear that the hybrid rein-
forcement helped to enhance the average microhard-
ness of the material as compared to the mono rein-
forcement and the base material. Mono SiC reinforce-
ment helped to enhance the average microhardness to
85.45 HV whereas the microhardness of SiC/CNT
and SiC/Gr was enhanced to 94.86 and 107.5 HV
respectively. Similarly, mono Al,O; reinforcement
enhanced the average microhardness to 85.93 HV
whereas hybrid reinforcement Al,O;/CNT and
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Fig. 7. Microhardness profile of the cross-section area of
the prepared surface composites.

AlLO;/Gr helped to enhance the microhardness to
87.73 and 90.36 HV.

The average microhardness values graph reveals
that the hybrid surface composites with SiC as the
reinforcement particles showed more microhardness
as compared to the Al,O; reinforcement. This is due to
the reason that the SiC particles have more hardness as
compare to the Al,O; particles and the SiC particles
provide a better pinning effect as compared to the
Al,O; particles. Devaraju et al. [25] and Suganeswaran
et al. [3] studied hybrid composites by FSP and
observed similar results. It was also observed that the
Orowan strengthening mechanism is also responsible
for the better microhardness in the hybrid surface
composites [26].

The tribological study was performed on a pin-on-
disc tribometer to study the influence of FSP on the
wear behavior of the prepared specimens. The mass of
the specimens was calculated before and after the wear
study. The difference in mass of the specimens is
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Fig. 8. Difference in specimen mass before and after wear
test.

shown in Fig. 8. The specimens were measured for the
wear rate during the pin-on-disc wear test and are
shown in Fig. 9. It was observed that by incorporating
the reinforcement into the matrix, the wear rate of the
specimens was improved. It was also observed that the
hybrid reinforcement helped the specimens to improve
the wear rate as compared to the mono reinforcement.
The Grand CNT acted as a lubricant for the hard SiC
and Al,O; ceramic particles which helped the rein-
forcement to improve sliding wear rate [21].

The coefficient of friction (COF) was measured for
the specimens against the sliding distance and the
micrographs are shown in Fig. 10. The hybrid rein-
forcement helped the specimens to undergo the least
COF in comparison with the mono reinforcement and
as-received base material. The average COF for the as-
received AA5083 was found to be 0.5393. For SiC,
AlL,O;, CNT, and Gr the COF was reduced by 4.19,
9.97, 20.43, and 20.54% respectively. Whereas for
hybrid reinforcement SiC/Gr, Al,O,;/Gr, Al,O;/CNT,
and SiC/CNT, the COF was further reduced by 20.65,
22.38, 25.62, and 34.45% respectively in comparison
with the base AA5083. This shows that the hybrid rein-
forcement due to the combination of both hard
ceramic and lubricant particles helped the specimens
to protect against the dry sliding wear during the test.

The wear resistance and the coefficient of friction
of the hybrid surface composite were enhanced as
compared to the base material. It is due to the reason
that the reinforcement material produced a layer of
solid lubricants between the material and the steel disc
which helped the material to decrease the wear
[25, 27]. Although the mono reinforcement also
improved the wear resistance and COF, the hybrid
reinforcement showed better tribological properties.
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This is due to the reason that the hard-mono rein-
forcement acted as separate particles during the wear
test and therefore the abrasive wear mode was applied
in this case [28]. However, in the case of hybrid rein-
forcement, the Gr and CNT acted as the solid lubri-
cants which helped to reduce the wear.

CONCLUSIONS

In this paper, AA5083 based surface composite was
prepared with mono (SiC, Al,O;, Gr, and CNT) and

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 123

hybrid (SiC/Gr, Al O5;/Gr, Al,O;/CNT, and
SiC/CNT) reinforcement, and the following conclu-
sions were obtained from the study.

(1) Uniformly dispersed reinforcement was
obtained in the surface composite after FSP without
any voids or defects.

(2) FSP refined the grain size of the produced sur-
face composite from 10.95 um in the base AAS083 to
545 um in mono ALO; and 3.85 um in hybrid
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SiC/CNT reinforced surface composite which further
aided to enhance the mechanical and wear properties.

(3) The hybrid surface composite provided better
microhardness in comparison with the mono rein-
forced surface composite. Hybrid surface composites
of SiC/Gr showed an average microhardness of
107.5 HV as compared to the 74.15 HV in as-received
AAS5083 and 85.44 and 89.11 HV in mono SiC and Gr
reinforced surface composite respectively.

(4) The hybrid surface composites also showed bet-
ter wear properties as compared to the base material
and mono reinforced surface composites. The
SiC/CNT hybrid surface composite showed an aver-
age wear rate of 118.2 um per unit time in comparison
with the 212.48 um per unit time in as-received
AAS5083.
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