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Abstract

In today's industry, hybrid composites based on Al-3Gr play an important role in many applications. However, improving
the tribological properties and material performance is important for the widespread use of such newly developed materials
in the industry. For this purpose, novel hybrid composites were produced by keeping the graphite weight (3 wt.%) in the Al
main matrix and adding silicon carbide (1.5-3-6 wt.%) and boron nitride (1.5-3-6 wt.%) at different rates as reinforcement
materials. Microstructural and tribological performances of hybrid composites produced by powder metallurgy method
using vacuum sintering (hot pressing) were investigated. Experimental results showed that the hardness value of the matrix
increased with the addition of reinforcement and that the SiC (S-2) reinforced sample had more stiffness than the BN (S-3)
reinforced sample. In addition, hybrid reinforced composites were shown to have higher hardness values than single reinforced
composites. The highest hardness value was recorded as 75.59 HB in sample S-6. In the wear analysis determined the lowest
wear loss as 1.34 x 1073 cm? under IN load in sample S-6. As the applied load increases from 1 to 5 N, it was determined
that the volume loss increases approximately two times, and the friction coefficient decreases about ten times. The lowest
coefficient of friction was found to be 0.6746 in sample S-5. It was determined that the temperature increased 20% as the
applied load increased from 1 to 5 N.

Keywords Al-3Gr hybrid composites - Hot press sintering - Wear - Friction

Abbreviations EDS Energy dispersive spectrometry

AMMC  Aluminum metal matrix composites X-RD X-Ray diffraction

PM Powder metallurgy Peg400  Polyethylene glycol

HAMCs Hybrid aluminum matrix composites PLC Programmable logic controller

MMCs  Metal matrix composites ASTM  American society for testing and materials
HAMCs Hybrid aluminum matrix composites EDM Electrical discharge machining

SEM Scanning electron microscopy

1 Introduction
Technical Editor: I1zabel Fernanda Machado.

Today, there is a global need for materials with low cost but
high performance and acceptable quality. To meet this need,
researchers started shifting away from traditional monolithic
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materials toward composite materials [1-6]. Conventional
materials have disadvantages such as low thermal conduc-
tivity, wear resistance, hardness, weight-to-weight ratio,
and corrosion resistance [7, 8]. For this reason, composite
materials design aims to create more effective materials by
combining the desired properties of metal and ceramic mate-
rials and eliminating the disadvantages [9-11]. But MMCs
also have some disadvantages. These include high cost, dif-
ficult machinability, poor surface quality, and recycling. In
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addition, more than the optimum level of ceramic particles
can cause the material's brittleness and mechanical proper-
ties' deterioration. In this context, Aluminum Metal Matrix
Composites (AMMC) are sophisticated engineering mate-
rials that outperform typical aluminum and alloys in terms
of performance [12]. AMMCs have unique features such
as high hardness, improved yield strength, a high strength-
to-weight ratio, excellent thermal conductivity, a low coef-
ficient of thermal expansion, and enhanced wear resistance
[13—16]. Due to these properties, they are indispensable
materials in aerospace, defense industry, automotive and
various other structural applications such as airframes, pis-
tons, transmission components, cylinder liners, bearings,
brakes, propulsion oils, and submarines [17-22].

As technology progresses swiftly, turbo engines that
increase efficiency by delivering combustion with small
volumes and high compression ratios are gaining popular-
ity. Therefore, hybrid reinforced AMMC structures with
higher strength, high thermal conductivity coefficient and
low thermal expansion values are needed in the automo-
tive industry [23]. As an example of the studies carried
out in this context, Kumarasamy et al. [24] investigated
the characterization of an unique hybrid AMMC with a set
quantity of fly ash cenosphere (10%) and different levels
of graphite (2%, 4%, and 6%). They discovered that adding
cenosphere boosted hardness and tensile strength whereas
graphite decreased hardness and tensile strength. They also
reported that the reinforcement particles increased the ten-
sile strength of the aluminum matrix from 178 N/mm? to
213 N/mm?, that the addition of Cenosphere significantly
increased the wear resistance, and that the wear rate was
further reduced with the addition of graphite due to its
self-lubricating structure. Stojanovic et al. [25] created an
aluminum (Al) alloy reinforced with silicon carbide (SiC)
(10%) and Gr (1-5%) and evaluated how applied stress and
sliding speed affected wear behavior. The specific wear rate
of Al alloy A356 including SiC (10%) and Gr (1% and 5%)
reduced as the load and weight percentage of the Gr rein-
forcing material dropped. In another study, Nagaraj et al.
[26] developed an aluminum (Al) alloy reinforced with SiC
(10%) and Gr (1-5%) and studied the influence of applied
stress and sliding speed on wear behavior. The specific wear
rate of Al alloy A356 including SiC (10%) and Gr (1% and
5%) reduced when the load and weight percentage of the Gr
reinforcing material were decreased. Ul Hag ve Anand [27]
studied the friction and wear behavior of AA7075/8Si;N,
composites with graphite (0-6 wt.%) additions. It was dis-
covered that as the percentage of graphite in the base alloy
increased, the microhardness and density of the composites
decreased. They observed that adding graphite resulted in
a linear drop in COF, although wear loss tended to reduce
up to 4 wt.% graphite and then rise. Miloradovic et al. [28]
used the Taguchi approach to investigate the dry sliding
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wear behavior of hybrid composites based on ZA27 alloy
and reinforced with silicon carbide (SiC) and graphite (Gr)
particles. As a result, they found that the contact load had
the greatest effect on the specific wear rate, while the cutting
speed had the least effect. In another study on SiC and Gr,
Mosleh-Shirazi ve Akhlaghi [29] used powder metallurgy
(P/M) to create Al/SiC-Gr composites with various SiC par-
ticle concentrations and 2% micron-sized graphite particles
by volume. The pin-on-disk wear test method was used to
study the influence of SiC content on the tribological charac-
teristics of these hybrid composites, which were compared to
their equivalents without Gr. They discovered that Al/SiC/Gr
hybrid nanocomposites outperformed Al/SiC nanocompos-
ites in terms of wear resistance. Furthermore, when SiC con-
centration increased, the wear rate and friction coefficient
of these composites dropped. Sharma et al. [30] produced
SiC+ Gr (4-8%) hybrid composites with AA6082 matrix by
the conventional mixing casting process. The microstruc-
tures, physical parameters such as density and porosity, and
mechanical qualities such as hardness and tensile strength of
the hybrid composites that were created were all examined.
They discovered that hardness and ultimate tensile strength
rose from 52 to 84 VHN and 163-189 MPa, respectively,
while % elongation decreased from 8.6 to 5.2.
Gowrishankar et al. [31] examined the mechanical and
wear characteristics of hybrid metal matrix composites in
the A16061 matrix having 5% graphite and various titanium
carbide fractions. As a result, they determined that MMCs
(metal matrix composites) for T6 heat treatment showed
superior hardness and wear properties. Arivukkarasan et al.
[32] examined the experimental examination of a compos-
ite using the stir casting process and comprising aluminum
LM4 alloy as matrix and tungsten carbide (WC) as reinforc-
ing material. They showed that increasing the presence of
WC particles by weight in the LM4 matrix increased the
mechanical qualities (hardness, impact strength, and ten-
sile strength). They showed that increasing the presence of
WC particles by weight in the LM4 matrix increased the
mechanical qualities (hardness, impact strength, and tensile
strength). Balaji et al. [33] produced hybrid composite mate-
rials by adding equal weight nano-TiO, (5%) and nano-Gr
(5%) reinforcements into the aluminum matrix by powder
metallurgy method and examined the wear behavior of com-
posites. According to the results estimated by the developed
mathematical model, it was reported that the measured
values were quite agreeable. Sharma et al. [34] developed
hybrid aluminum matrix composites (HAMCs) made of
silicon carbide (SiC), and graphite (Gr) reinforced with
different amounts of ceramic particles. The characteristics
of hybrid composites, such as microstructure, density, and
porosity, as well as mechanical qualities such as hardness
and tensile strength, were investigated. As a consequence,
they reported 49.5 to 85 VHN and 161.5-187 MPa for
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Vickers hardness and tensile strength, respectively. In addi-
tion, they determined that the relative elongation increased
from 5.3 to 8.6 as the content of ceramic particles (SiC + Gr)
increased from O to 15% by mass. Senthil Kumar et al. [35]
produced hybrid composites of A356 alloy reinforced with
Al,O3, SiC and Gr using the squeeze casting method. The
structural and mechanical characteristics of the produced
composites were investigated, including density, micro-
structural characterization, hardness, tensile strength, yield
strength, and % elongation. As a consequence, they found
that the A356/3A1,05-3SiC-3Gr composite had 119 BHN
and 315 MPa tensile strength values. Danappa ve Swamy
[36] used Al7075 as the main material in their study and
strengthened the composite material by using nano-TiO, par-
ticles together with Gr microparticles. The Taguchi L, series
was used to calculate the influence of wear factors on wear
rate. As a consequence, they observed that the reinforcement
ratio had a greater influence on wear resistance, and that
wear resistance increased.

Studies indicate that hybrid MMCs can have superior
properties to MMCs with a single reinforcement [20, 37—40].
In addition, AMMCs must be designed to have enhanced
mechanical properties, conform to standard machining meth-
ods, and have low production costs. In this regard, the per-
formance of composite materials depends on the choice of
reinforcement materials.

As a result of the literature research, it has been deter-
mined that graphite reduces the hardness and tensile strength
of the materials but improves the tribological properties. For
this reason, this study it is aimed to improve the mechanical
properties by taking advantage of the lubricating property
of graphite and adding hard reinforcement particles. As a
result, the focus of this research was on the manufacturing,
tribological-mechanical characterization of a Silicon carbide
(SiC) and Boron nitride (BN) reinforced Aluminum-graph-
ite matrix composite structure. By adding SiC and BN to

mechanical strength, and acceptable processing capability
thanks to the Gr in the structure, will be revealed.

2 Experimental details

This study produced new hybrid composite materials by
adding SiC and BN reinforcements to the Al-3Gr matrix
obtained by improving Al powders with a constant (3%)
ratio of Gr powders. In addition, the microstructure, hard-
ness, and wear characteristics of the Al-3Gr/SiC-BN hybrid
composites were investigated. Moreover, the effects of dif-
ferent reinforcements and reinforcement ratios on the hard-
ness and wear parameters of the material were investigated.

2.1 Material composition, microstructure
and fabrication

Al, Gr, SiC and BN powders to be used in the study were
obtained from Nanokar (Istanbul, Turkey). Table 1 shows
some physical properties of powder particles used in Al-3Gr/
SiC-BN hybrid composite experiments.

Six different composite materials were produced to be
used in the experiments. Table 2 shows the reinforcement
ratios of the powder particles in the manufactured composite
samples.

The powders, whose SEM micrographs and grain sizes
are given in Fig. 1, were weighed according to the desired
weight percentage. The prepared powders are first dried in
an oven at 100 °C. Then, they were weighed according to

Table 2 Reinforcement rates of 6 different composite materials pro-
duced

Samples no Al ratio Gr ratio SiC ratio BN ratio
the aluminum matrix material, the mechanical properties of (Wt.%) (Wt.%) (Wt.%) (Wt.%)
the material are improved, and the machinability of AMMC
is improved by adding Gr. Within the scope of this study, S-1 o7 3 - -
while the amount of Gr added to the structure remains con- S-2 o1 3 6 -
stant at 3%, six distinct AMMC structures were produced S-3 ol 3 B 6
by adding SiC and BN at varying rates individually and in S-4 4 3 15 15
combination. With this study, a new hybrid reinforced Al-Gr 53 o1 3 3 3
matrix composite structure, which has both light and high 56 85 3 6 6
Table 1 Properties of powders Powders Al Gr siC BN
in Al-3Gr/SiC-BN hybrid
composite Purpose Matrix phase Developer additive Reinforcement Reinforcement

Density (g/cm?) 2.71 2.26 3.21 2.1
Melting temperature (°C) 660 3652 2830 2973
Particle size (um) 45-75 <44 45-70 <10
Purity (%) >99.90 >98.00 >98.00 >99.00
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[ Powder particles ]

[ Turbula mixer ]

[ Vacuum sintering J [Fabricated samples]

Fig.3 Details of wear device

Table 3 Some disc attributes that were utilized in wear testing

Applied load

e

Balance arm

Material Manufacturing method

Applied process

Micro-Hardness (HV) Surface roughness (Ra)

AISI D2 quality steel Wire EDM

Surface hardening by nitriding

795 HV 4.6 ym

the % weight ratios given in Table 2 using a balance with
107 g sensitivity and grouped separately for each composite.

Precisely weighed powders with different specific grav-
ity and different particle sizes are mixed homogeneously
using a TURBULA mixer (Cel-mak Group 7 T, Turkey). In
the mixing process, 2 wt.% Peg400 (polyethylene glycol) is
added together with the powders. The purpose of the added
Peg400 is to prevent the powders from spilling out of the
graphite mold and to obtain a homogeneous structure. Mix-
ing is carried out using 1/3 steel balls for 150 min. The use
of balls prevents agglomeration. After mixing, the powders
are poured into graphite molds. Then, the powders in the
mold are sintered for 10 min under a temperature of 530 °C

and a pressure of 35 MPa using a PLC (Programmable logic
controller) controlled hot press machine (Zhengzhou Golden
Highway, SMVB80, China). Thus, rectangular composite
specimens with a length of 40 mm, a width of 40 mm and a
thickness of 8 mm are produced. Oxidation formation can
be observed during production. To prevent this situation,
protective nitrogen gas was used. The test chart of the pro-
duction above processes for composite samples is given in
Fig. 2.

After the composite samples are produced without any
problems, the deformed layers on the surface should be
removed. In addition, it is necessary to determine the grain
boundaries and examine the structure to obtain high quality

@ Springer
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micrographs. Therefore, the composite samples are sanded
using SiC papers, and their surfaces are clean. SiC papers
varying between 200-1200 grids were used in this study.
After sanding, the surfaces must be polished. One micron
diamond solution was used for this polishing process.
Finally, the polished surfaces must be etched. The content of
the solution used is 25 ml HCI 1-2 gm Fe;-CI-100 ml H,O
[41]. SEM, EDS and mapping analyses were used to observe
the homogeneous distribution of the reinforcement materials
in the samples and determine the particle sizes. The brand of
SEM used to examine microstructure and surface morpholo-
gies is JEOL JSM 6510. In addition, the "X-RD, RIGAKU
ULTIMA IV" brand X-Ray Diffraction Spectrometer was
used to determine the composite material's phase compo-
nents and examine the crystal structure. In addition, After

@ Springer
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the wear test, SEM analyses were done to assess the surface
morphologies.

2.2 Density and hardness tests

To examine the physically properties of the composite mate-
rials, firstly, the density measurements of the samples were
carried out. First, density measurements were made accord-
ing to the Archimedes principle. Then, to increase the accu-
racy of the measures, they were repeated five times, and
their arithmetic averages were calculated. In addition, the
theoretical densities were calculated, and the relative densi-
ties were calculated over the experimental and theoretical
densities [42].

Hardness measurement tests were carried out in EMCO
TEST Duralet (ZwickRoell, Austria) brand Brinell hardness
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Fig.6 SEM and elemental mapping images of sintered S-6 sample

device. Hardness measurements were made by ASTM E10-
18 standards. To obtain more accurate and reliable results in
hardness tests, the ball must be contacted with both the main
matrix and the carbides. For this reason, macrohardness
tests were preferred. Measurements were made by apply-
ing a preload of 31.25 kg to the smooth and flat surfaces of
the samples for 10 s. To reduce measurement errors, five
measurements are taken from each sample from different
points, and the final hardness results are obtained by taking
the arithmetic average of the measurements.

2.3 Wear characterization

Wear tests of hybrid AMMC structures were carried out with
the pin-on-disc technique by ASTM G99-95a standards.

A TURKYUS (Turkyus machine, Turkey) brand tribotest
device was used in the abrasion tests. Furthermore, the trials
were conducted in dry sliding circumstances in a room with
a temperature of 25 °C and a relative humidity of 40-50%. A
total of 18 wear and friction tests were carried out. An exem-
plary representation of the abrasion tester is given in Fig. 3.

Some properties of the abrasive disc used in wear tests
are given in Table 3. First, the abrasive disc and samples
are washed and dried using high purity acetone before
each experiment. The impacts of MMC type and applied
load levels on composite material wear parameters such as
volume loss, temperature, and coefficient of friction were
then examined using wear experiments. For this reason, the
sliding velocity (1.257 m/s) and the wear distance (200 m)
were kept constant while the wear tests of the samples were
carried out, and analyzes were carried out by choosing six

@ Springer



510 Page8of18 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:510

— Spectrum 1 I
C = (Gr)
Element wt.% o
C 92.1 0.2
Al 7.9 0.2
Al
Al — Spectrum 3 I
Element wt.% o
Element wt.% o C Al 49.8 3.7
Si 61.2 14 B 19.6 58
C C 38.8 1.4 @ 18.8 1.8
Si 6.6 0.5
N 52 0.9
Si
= o~

Fig.7 EDS analyses taken from different regions of the S-6 sample

) @ ®)

T H T ¥ T T T T T
100 P Relative density - 8
—8&— Porosi
' o -
99 1 9S50 -7
SRS
SO0 SRR
75 _ KRS XS]
% R 4 6
< 99,99, XXX
IR ~ RIERRS 38K
a 00D AKX 00000, —
==t o202 > fogetesel 0N =
J b S
o K5 =974 RYXY S -5 <
- loesese: X 17} RXXX SRR <
g 2 518 s R =
£ % 5 3 ] B BE 35 [ 3
5 (R 9 R KRR XX S
E o0%te > RRXK RS £
[ 4 )00’0‘004 i ] ).0.0.0.4 X % o0 % ‘4 I
T PR 8954 KRS PAXXA % -3
RN = B
R PARKN KK KRXXX
65+ BREEXY / RRRKS XX /XK
94 - LXK 9200008, 190000 IS0 L2
REEE KRR XK/ [RXXN T
e o e/ e
" b
RRKY] BROKK 0K £RR
] 934 KRR PR 90900974 KRR -1
B RS B
05K SEL R
XXX %% %% QLR KRKK
60 - 22282501 9 0000 ; : ’{ ,,“ : 0
$1 S-2 S-3 S-1 S-2 S-3 S-4 S5 S-6
Samples

Samples

Fig. 8 Hybrid composites; a Hardness analysis, b Relative density analysis

@ Springer



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:510

Page90f18 510

204

X
XX

0
7l
XX

OSSO0
Sl

XA
55

%

00
5

XX
K

X
E
&

9
oo

X

IR
RLRRK

=
a1
1

<]

2

%5

A
>
XS

XX

A
XXX A
X

%5
X
3>
S
XX

33
%5

X

v
S
XS

A
|

X f]
3R

<]

>

o
020

KX
X
%
XX
>
X

X

R . o
o B

3>

55
X
X

XXX
K

X
R
X
Sk

>
RLIRLR

v

XX

XX
R

[
o
1

HX
KRR

%

9.
X
X

v

R
X
2

H

KKK
oeee

X
SR
%

X
X
5

e
X
%o 2o

%%
pteteli

239
e
X
X
30
4
XX
!

X
%
%S

=
S

X

0

=
=

X
X
%5
X
5

050
%

7S

RS
9%
s

5
%
2

—
SRR

Volume loss (x107° cm®)

X
£
0%
2o
X
RS

“.
8
==
R
o
8
x>
5

—
Sos

%
X

9%
X
9
X

S
X
5

X

v
KR
X
XS

v
00:

X

ol

v
RX
X
o
XX
X

—
KL

X

Q
9

'o'
KL
X
o

0
X

—
Fole!

9
93

==
K

X

5%
e
s
%S

X

X
o
5

s
IR

02
==
R
X
0
KL
XX
K

—
pFotee

X

SR>
Reteles

,
R
=
WA
S

0%
9

9
9

9%,
R

X

RRIZRIRRIRRIRHLRIR

RS
RS
T
X
PO
RS
0;0
X
=
&S
e
R
X
o

,v
kX
R
|~
kX
=
o
=
%3
g
X
e

AR

|
L

Samples

Fig.9 Volume losses under different loads in the abrasion test of
hybrid composites

Table 4 Calculated wear

) Sample 1N 3N 5N
coefficients for all samples

(x107° mm*/N.m) S1 42.92 20.46 19.89
s2 553 196 1.51
s3 7681  4.66 40.21
sS4 11241 48.05 43.84
S5 6.72 479 10.42
s6 841 331 243

different composite structures and three additional loads
(1-3-5 N) values.

Strain gauge connected to the tribo-tester used to measure
friction forces during the wear test. To calculate the volume
loss values, after the abrasion test, the samples were cleaned
with isopropyl alcohol (IPA), and their weights were calcu-
lated. The temperature build-up between the rubbing objects
during the wear test is important and needs to be examined.
For this reason, temperature measurements were made using
the Testo 871 (Testo SE & Co. KGaA, Germany) thermal
camera. Measurements are made by taking five different
temperature measurements from a fixed distance (50 cm).
An example thermal image and temperature distribution
graph are shown in Fig. 4.

3 Results and discussion
3.1 Microstructural analysis

In Fig. 5, the X-RD patterns of composite no S-1 and S-6,
in which all the particles are together, are seen. Analyzes
were performed at 20° and 90° diffraction angles. Al dif-
fraction peaks; 38.33°, 44.56°, 64.84°,77.91°, 82.09° are
confirmed with (JCPDS card no 43-13,217). Gr diffraction

peaks; 26.84°, 44.14° (JCPDS card no 10-11060). Si dif-
fraction peaks; 35.09°, 38.35°, 60.29°, 71.71° (JCPDS
card no 23-10,936). BN diffraction peaks; 26.66°, 41.69°,
43.93°,71.25°,76.11°, 82.31° (JCPDS card no 90-08997).
It is seen that the Al and Gr peaks are compatible with
previous studies [43, 44]. The presence of Al, Gr and Si
particles at high peaks were proven. In addition, BN par-
ticles were observed in small peaks.

Figure 6 displays SEM and elemental mapping analysis
images of hybrid composites strengthened with SiC and BN.
It is known that homogeneous mixing in composite materials
is highly effective on mechanical properties. The inclusion
of reinforcing particles makes the matrix strong, similar to
a skeleton. The strength of the composite is dependent on
the establishment of a good contact between the matrix and
the particles. A good interfacial bond is possible with less
porosity. With the high relative densities obtained, it can be
said that the porosity is not high in the composites. From
the SEM and mapping photographs taken from the surface,
it is seen that there is a homogeneous distribution, and no
agglomeration is observed. In powder metallurgy-produced
composites, the formation of pores is inescapable [45].
Since the production of hybrid composites is made by the
hot pressing method, very high densities were obtained. An
increase in densities means a decrease in porosity. In gen-
eral, SiC and BN particles were well bonded to the matrix
as the porosity was low in all samples. In addition, since SiC
particles have sharper edges and corners, they can adhere to
the matrix structure more.

Figure 7 represents the EDS analysis from sample S-6,
where all particles are most concentrated. As a result of the
analysis, the spectrum 1 region is Gr, the spectrum 2 region
is SiC and the spectrum 3 region is a region where all par-
ticles are present. Consequently, EDS analysis once again
verified the particles in the hybrid composites. Figure 7 also
shows the weight ratios of the components in the EDS analy-
sis zones in tables.

3.2 Hardness and density analysis

The relative density and macro-hardness of hybrid compos-
ites manufactured at different ratios are shown graphically
in Fig. 8. According to the macro-hardness study, the hard-
ness rose with the addition of reinforcing material, and the
samples reinforced with SiC (S-2) had a higher hardness
value than the samples reinforced with BN (S-3). Reinforce-
ment materials in the material cause the grain sizes to be
thinned and the dislocation movements to be restricted in
the matrix material during the sintering process. In addi-
tion, ceramic reinforcements prevent crack propagation as
load transfer occurs from matrix to ceramic reinforcements
in composite materials under load [46—48]. For this reason,
SiC and BN reinforcements in Al-3Gr composite are of
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(c/s) 2-sig

e Ka 42.57 2.229 17.301 | wt.%
N Ka 3.96 1.039 1.002 wt.%
Al Ka 649321 | 20.801 | 77432 | wt%
Si Ka 63.04 2.563 1.873 wt.%
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Cr Ka 8.24 1.678 | 0.210 wt.%
Mn | Ka 4.73 1.494 0.138 wt.%
Fe Ka 62.24 2482 | 2.023 wt.%

100.000 | wt.%

Fig. 11 EDS analysis from S-5 sample

great importance in plastic deformation. In addition, it was
noted that the hardness was better in the hybrid structure
with both reinforcements (SiC-BN), and the hardness values
increased with the reinforcement ratio. The highest hardness
(75.59 HB) was observed in the S-6 sample. The addition of
hard composite reinforcement particles to the main matrix
increases the structure's surface area while reducing the par-
ticulate diameters of the matrix. In addition, these hard par-
ticles transform the composite from a ductile to a brittle one
and make it more resistant to plastic deformation [49]. As a
result of the hard reinforcement particles, the hardness val-
ues of Al-Gr based hybrid composites rise. The increase in
the reinforcement ratio decreased relative density (Fig. 8b).
In the S-4 sample, the greatest relative density value was
determined to be 99.56%. It can be seen that the values of
hardness and relative density vary inversely proportionately.

3.3 Wear analysis

Figure 9 represents the volume loss graph obtained from
wear analysis of hybrid composites under different loads.
In Table 4, the calculated wear coefficients for all samples
are given. The applied loads vary between 1 and 5 N. It is
seen that the volume loss of the S-2 (Al-3Gr/6SiC) sample
is reduced compared to the S-1 (Al-3Gr) sample. There is
more volume loss in the S-3 (Al-3Gr/6BN) sample com-
pared to S-2. From this point of view, it can be said that
the wear performance of SiC from single reinforcements is
better. It is seen that the volume losses decreased after the
S-3 sample. Hard ceramic reinforcement particles improve
AMMC's abrasion resistance and decrease volume loss [50].
When the studies in the literature are examined, it is seen
that they are compatible with the results obtained [51, 52].
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Fig. 12 Mapping analysis from the eroded surface of the S-6 sample

As the proportions of hybrid reinforcements increase, their
wear performance also increases. The lowest volume loss
was recorded as 1.34x 10~ cm? in the S-6 (A1-3Gr/6SiC-
6BN) sample under 1 N load. An approximately 84.38%
improvement in wear performance was detected compared
to the unreinforced S-1 sample. Increasing reinforcement
ratios had positive effects on the wear resistance of hybrid
composites. Similarly, in the hardness study, an increase in
hybrid reinforcements resulted in an increase in hardness.
A similar situation in the hardness analysis supports the
wear analysis. Furthermore, it can be shown that the vol-
ume losses rise in lockstep with the applied stress. Tirth [53]
used the mixed casting approach to generate AA2218-Al,0;
composites. The wear behavior of the produced composites
under dry sliding conditions was investigated. In the wear
analysis, it was reported that the volume loss increases with
increasing load. It was also noted that the hardness resulting
from the matrix reinforcement increases wear performance.
Ambigai and Prabhu [38] produced hybrid nanocompos-
ites by adding Si;N, to the Al-Gr matrix. They looked at
the wear properties of the hybrid composites they created.
They discovered that the wear rate of hybrid composites
increased as the applied load increased. Furthermore, when

@ Springer
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Spectrum 1

Elt. | Line | Intensity | Error | Conc Units
(c/s) 2-sig

[C |Ka 2835 2394 [ 13274 | wt%
I[N |[Ka [198 1398 | 0.501 wt.%
Al Ka 6,570.79 21.041 | 74.374 wt.%
Si Ka 157.19 3.828 3.988 wt.%
\'s Ka 2.87 1.735 | 0.059 wt.%
Cr | Ka 4297 2.385 0.937 wt.%
Mn | Ka 6.01 1.634 | 0.152 wt.%
Fe Ka 237.64 4.268 6.715 wt.%
100.000 | wt.%

the stresses increased, the composite material was pressed
further against the disc, increasing the wear rate.

SEM images taken from the worn surfaces of hybrid com-
posites reinforced with SiC and BN reinforcements show
that different wear mechanisms occur. Figure 10 shows the
SEM photographs of the samples exposed to wear under
a 5 N load. Oxidation wear and delamination are found to
be the dominant wear mechanisms. Oxidation can be seen
in materials due to the temperatures occurring during wear
and the oxygen in the environment. During the wear test,
stress foci may occur due to friction and loading. These foci
can weaken the bond between the reinforcing fibers and the
matrix material and cause cracks. These cracks can also
cause delamination. In addition, when SEM images were
carefully examined, it was determined that abrasive wear
mechanisms were also seen. Especially in the S-1 sample,
lines and grooves parallel to the slip direction draw atten-
tion. These scratches may occur due to the hardness of the
opposite surface and the intervening of the pieces detached
from the opposite surface. During wear, the surfaces of these
grooves can expand and deepen to a certain extent. In addi-
tion, considering that there is only AI-Gr in the S-1 sam-
ple, it can be said that deep grooves are formed due to the
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Fig. 13 3D surface topographies of hybrid composites under 5 N load

softness of the hybrid composite. It is thought that graphite
forms a film layer on most wearing surfaces that facilitates
contact between the disc surface and the material. This film
layer also helps to reduce the coefficient of friction. It was
reported that the rich graphite layer accumulated on the sur-
faces during wear increases the wear performance [54]. It
was reported that ductile materials show better wear resist-
ance at lower loads [55]. Nieto et al. [56] stated in their study
on AMMC's that shallower grooves and higher hardness pre-
vent abrasives from penetrating the composite surface.

Between the worn surface and the disc, there is a transi-
tion layer. This layer is also called the tribofilm surface. In
addition to crumbled reinforcement particles and intermetal-
lic particles on the tribofilm surfaces, iron oxide layers are
also on the contact surfaces. By reducing contact between
the counter surface and the composites, the hardness of this
mechanically mixed layer can be maintained and deforma-
tion can be avoided [57]. In addition, the elements in the
spectrum 1 region were determined by the EDS analysis
performed on the S-5 sample (Fig. 11). As a result of the
EDS analysis, both elements of the hybrid composite (C, N,
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Fig. 14 Average friction coefficient graph of hybrid composites sub-
jected to wear under different loads

Al, Si) and elements of the opposite disc surface (V, Cr, Mn,
Fe) were seen on the surface.

Figure 12 shows the EDS elemental mapping from the
hybrid composite (S-6) and the weight ratios of the ele-
ments determined on the surface. A different color repre-
sents each detected element. The elements seen on the sur-
face are respectively Al (74.374 wt. %), C (13.274 wt. %),
Fe (6.715 wt.%), Si (3.988 wt.%), Cr (0.937 wt.%), N
(0.501 wt.%), Mn (0.152 wt.%), V (0.059 wt.%). It was
determined that the most abundant element on the surface
was Al, the main matrix.

Figure 13 depicts 3D surface topographies of hybrid
composites subjected to a 5 N load. It is seen that the sur-
face is rougher in the S-2 sample compared to the S-1 sam-
ple. It can be said that the roughness of the S-3 sample is
slightly reduced. It was observed that the surface rough-
ness decreases with the increase in reinforcement ratio. This
result was supported by the work implemented by Han and
Nisar [58].

Figure 14 depicts the fluctuation of the average friction
coefficients of hybrid composites under different loads.
When the graph is viewed, the friction coefficients show
a fluctuating variation. However, it is understood that the
unreinforced S-1 sample has higher friction coefficients at
all loads. In addition, it was determined that increasing loads
decrease the friction coefficients. Ghosh et al. [59] examined
the tribological characteristics of SiC reinforced AMMC and
concluded that the friction coefficient of composite materi-
als reduced as the applied load increased. Anand et al. [60]
investigated the tribological performances of silicon car-
bide and porcelain doped Al6061 hybrid composites. They
reported that the coefficients of friction decreased with
increasing applied load. They also reported that this ten-
dency is due to the hardening of the matrix material and the

@ Springer

deformation of the asperities that occur with increasing load.
With increasing loads, more particle fractures occur. Con-
sequently, finer abrasive particulates are produced, which
reduces the coefficient of friction. These abrasive particles,
which are finer, form a film bed between the sample and the
opposite surface and act as lubrication [61]. Reduction in
friction coefficients of hybrid composites; was recorded as
approximately 22.14% under 1 N load, about 48.96% under
3 N load, and about 11.56% under 5 N load.

Figure 15 depicts graphs depicting the temporal fluc-
tuation of the friction coefficients of all hybrid composites
under various loads. While a stable friction behavior was
observed in Fig. 15b—c, an unstable friction behavior was
detected in Fig. 15a. A thin friction film is formed on the
material surface in the friction test performed under low
load. For this reason, an unstable friction film may create
and vary. Such a surface film structure can cause unstable
frictional behavior. It can be seen that the friction coeffi-
cients of all samples drop as the applied loads rise. There-
fore, plastic deformation may increase depending on the rise
in the load between the hybrid composite and the counter
surface. The increased plastic deformation is attributed to
a decrease in the coefficient of friction. In addition, it can
reduce friction by forming a film layer thanks to its Gr lubri-
cant feature, which is found at a constant rate in hybrid com-
posites. The lowest friction coefficient values were observed
in the S-5 sample under 1 N load, in the S-3 sample under 3
N load, and in the S-5 sample under 5 N load.

Temperature increases occur due to friction between the
material and the opposite disc surface. This process is quite
complex. During the wear test, the heat caused by friction
can cause thermal softening, welding and formations in
the form of piles. These formations can be highly effective
on wear performance. High temperatures in the wear zone
decrease the specimen's hardness and cause the contact
surfaces to expand [62]. Parameters such as reinforcement
ratio, applied loads, wear distance and friction coefficient
can cause different effects on temperature. Figure 16 repre-
sents the temperature graphs of hybrid composites measured
under different loads. In general, increased load causes a rise
in temperature. The lowest temperatures were determined as
35.7 °C under 1 N load, 38.9 °C under 3 N load and 38.1 °C
under 5 N load. As a result of load increase, temperature
increase can be seen in all samples. This might be due to
the increasing penetration depth and strong abrasion effect
of the particles breaking off on the sample surface as the
load increases [63]. As a consequence of their wear studies
on hybrid copper composites, Cheng et al. [64] found that
temperatures grew in lockstep with applied stresses. They
also observed that the samples applied with a load of 25 N
had the greatest temperatures.
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4 Conclusions

In this study investigated the microstructure and tribological
behaviors of hybrid composites produced based on SiC-BN

reinforced Al-3Gr. The results are as follows:

increase in the type of reinforcement and the number of
reinforcements. An improvement of approximately 49%
was achieved compared to the single reinforced S1 com-

posite.
e [t was determined that as the reinforcement type and ratio

materials by hot pressing.
e It was observed that the hardness increased with the

e High relative density (96%) was obtained in composite
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observed that the wear resistance of AMMCs with the
highest reinforcement type and reinforcement ratio
increased. Hardness analysis supports this opinion.

e Asthe applied load increases from 1 to 5 N, it was deter-
mined that the volume loss increases approximately two
times, and the friction coefficient decreases about ten
times. In sample no S-5 (5 N), the coefficient of friction
was measured to be 0.6746.

e The friction coefficients in hybrid composites were
shown to decrease with increasing applied load during
wear. In sample no S-5, the coefficient of friction was
measured to be 0.6746.

e Temperatures created during the wear test were shown
to rise in lockstep with increasing load. Under 1 N load,
the lowest wear temperature reported was 35.7 °C in
sample S-5.

e Al-3Gr/SiC-BN hybrid composites exhibited better
tribological performance and mechanical properties
than AI-3Gr composite materials. Thus, these materi-
als can be shown as suitable candidate materials for use
in industry.
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study is part of a work in progress.
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