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Abstract

This research involves the synthesis of a hybrid composite by adding titanium carbide (TiC) and hexagonal boron nitride
(hBN) powders in certain weight ratios (2.5-5%) to pure aluminum (Al) powder. When previous studies were examined,
it was seen that TiC and hBN powders were added separately to Al matrix powders; however, a hybrid composite was not
produced as in this study. The obtained hybrid composites were characterized by scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDX) and X-ray diffraction (XRD) analysis. Microstructure, hardness and wear tests were carried
out under 3 different loads (10 N, 20 N and 30 N) and dry conditions. Weight loss and coefficient of friction measurements
were obtained for each hybrid composite during the wear tests. The TiC-hBN-reinforced specimen exhibited a significantly
higher hardness value of 37.08% compared to the pure Al composite. It was also found that the synthesized Al-TiC-hBN
hybrid composite exhibited a 59% reduction in the wear loss value for 10 N load, 30% for 20 N load and 60% for 30 N load
compared to the pure Al sample. It is believed that the hybrid composites produced in this study have the ability to compete
with Al matrix materials and exhibit the potential for longer durability and cost reduction in industries that use the production

of aluminum parts.
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1 Introduction

The primary objectives of technological advancements are
centered around enhancing living conditions, with a signif-
icant emphasis placed on the development and production
of more efficient and functional materials. [1, 2]. Since the
second half of the twentieth century, research and studies
in materials science have accelerated with the emergence
of metal matrix composites (MMC) [3]. MMCs are recog-
nized as one of the most suitable material groups in various
engineering applications and industrial fields due to their
superior properties compared to conventional materials [4].
Aluminum (Al) is the most widely used and preferred metal
matrix composite, because it is a recyclable, highly formable,
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lightweight material with good electrical and thermal con-
ductivity [5, 6]. Due to such advantages, aluminum (Al) and
its alloys are widely utilized in several industries including
aviation, defense, space, and automotive sectors. [7]. Nev-
ertheless, the primary drawbacks associated with aluminum
alloys are their limited wear resistance and mechanical qual-
ities at high temperature conditions. In order to mitigate
these limitations, several experiments have been conducted
to investigate the incorporation of distinct reinforcing mate-
rials into aluminum and its alloys. Because the addition of
reinforcing elements improves the mechanical, tribological,
structural, and thermophysical properties of Al and its alloys,
research on Al and its alloys remains up to date. [5-7].
Powder metallurgy (PM), along with other production
methods, is a commonly used technology in the manufac-
ture of composite materials, being one of the primary metal
matrix production processes. Because some metals are diffi-
cult to produce using other processes, the PM approach can
shape them at a lower cost. PM-shaped parts are manufac-
tured as final products and used in aerospace, automotive,
defense, electronics, and other areas [8, 9]. Al and its alloys
are the most popular composite materials made by PM due
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to their inexpensive cost, light weight, and ease of process-
ing. Furthermore, the desired mechanical properties can be
obtained by adding different reinforcing elements to these
powdered materials. Due to their excellent mechanical char-
acteristics such as low density, high hardness, high strength,
and good chemical stability, the use of B4C, SiC, TiC, and
AI203 has been increasing. [10, 11].

Engineering materials are subjected to varying loads and
moments under various operating situations, where low wear
resistance is undesirable. Since the increase in temperature
in frictional materials causes wear, the friction factor is an
important parameter in interacting materials [12]. As a result
of the local relationship between the interaction surfaces
of materials, wear can be defined as the loss of material
during relative motion [13]. Materials in contact with each
other and subjected to wear, where high wear resistance is
required depending on the working conditions. To reduce
wear, research on various composite materials, such as PM
materials with various reinforcements and coated materials,
is presently ongoing. [14].

Because of its high hardness, melting point temperature,
and modulus, TiC has been selected as a reinforcing mate-
rial in this study. [15]. Since TiC reinforcing particles are
resistant to plastic deformation, it was demonstrated that the
plastic deformation or material loss of composites dimin-
ishes as TiC reinforcement rises. TiC particles were added to
copper matrix composites in another investigation. [16] And
it was observed that the hardness and strength of the Cu-TiC
composite increased with the addition of TiC in the matrix
phase [17]. It has been reported in literature studies that TiC
powders should be used to produce metal matrix composites
to obtain high mechanical and tribological performance due
to their high hardness [18-21].

In contrast to previous research, hexagonal boron nitride
(hBN) was used in this study, giving non-toxic and greasy fea-
tures while appearing structurally comparable to graphite and
alumina as well as having the lowest density among ceramic
materials (2.27 g/cm?). hBN has a crystalline structure com-
parable to graphite, but it has a higher electrical resistance and
products made of hBN can be easily machined. [22, 23]. Fur-
thermore, hBN is an inert material, non-chemically reactive,
non-toxic, and resistant to very high temperatures. It can also
be used in normal atmosphere up to 1000 °C, in vacuum up to
1400 °C, in argon atmosphere up to 2000 °C and in nitrogen
atmosphere up to 2400 °C. In addition to being stable against
thermal shocks, it has excellent electrical insulation, good
thermal conductivity, and UV reflectivity, as well as excel-
lent lubricity. It was also reported that the hBN-containing
coatings produce a hard and wear-resistant surfaces enabling
to minimize friction by providing good lubricating role at
high temperatures up to 800 °C [24]. Recently, hBN has been
used as reinforcement to a variety of metals to enhance their
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Table 1 Powder purity and particle sizes used during composite syn-
thesizing

Material Al TiC hBN
Purity (%) 99.9% %99,9 %99.9
Melting 650 3067 2000
tempera-
tures
(&)
Particle size 0 < Al <50 0<TiC<50 0 <hBN <50
(um)
Brand Sigma- Sigma- Sigma-Aldrich
Aldrich Aldrich

mechanical and tribological characteristics. [25, 26]. Hexag-
onal boron nitride (hBN) was prepared by the molybdenum
disulfide (MoS,) powder metallurgy method and doped to
reduce friction in SS316L composites [23]. The addition of
carbides and borides has been reported to possess a notable
impact on enhancing the wear resistance of aluminum. This
is primarily attributed to the extensive reinforcing of alu-
minum, a soft and ductile material, which effectively reduces
the extent of wear-induced deformation in subsurface areas.
[27-36].

When the literature studies are examined, there are stud-
ies in which TiC and hBN powders are added to Al powders
separately. However, it was observed that a hybrid combina-
tion was not produced as realized in this study. In this study,
a new hybrid composite was made by utilizing the individ-
ual properties of TiC and hBN. With this new composite, it
is aimed to increase the mechanical properties of TiC rein-
forcement and to increase the wear properties of hBN thanks
to its lubricating properties. In this research, the addition of
TiC and hBN powders to pure aluminum powder was carried
out through a hybrid mechanical mill. The microstructure
of the composite samples was investigated using scanning
electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDX) and X-ray diffraction (XRD). In addition,
the hardness and wear properties of the materials were eval-
uated under dry conditions with three different loads (10 N,
20 N and 30 N).

2 Maternials and Methods

2.1 Chemical Properties and Nomenclature
of Al-TiC-hBN Powders

The particle sizes and physical properties of the powders
used in the study are shown in Table 1, and the number of
samples used by weight in the powders produced and the
nomenclature of the composites are shown in Table 2. The
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Table 2 Hybrid composite groups and compositions

Sample Al TiC hBN

hBN<50pm TiC<50pm |_| Al<50pm

5

Preparation of

powders
Al %100 - -
Al-TiC %95 %5 -
Al-hBN %95 - %5 —
ALTiC-hBN %95 %2.5 %2.5 Mixing of |,
powders
Al-3TiC-2hBN %95 %3 %2
Al-2TiC-3hBN %95 %2 %3

processes to be carried out in the study are shown in Fig. 1.
2.2 Preparation of AlI-TiC-hBN Powders

During the synthesizing of composite materials, the mix-
ing ratios were first determined as shown in Table 2. Then,
the powders weighed with a precision balance (Precisa) and
were mixed in a mechanical mixer at 250 rpm for 30 min.
Steel balls with a diameter of 6 mm were used in the
mechanical grinder. The powders, whose particle sizes were
selected close to each other, were mixed homogeneously. The
schematic illustration of preparation process of AI-TiC—hBN
hybrid powders is shown in Fig. 2.

2.3 Preparation of Al-TiC-hBN Samples

After mixing process, the mixed compounds were pressed in
a hydraulic cold press. The inside of the mold was lubricated
with Zn(C13H350,), (Zinc stearate) to remove the powders
more easily from the mold after pressing. The pressing pro-
cess was carried out at a pressure of 50 MPa and the sintering

Mixed powders ::)Er

Fig. 2 Preparation and mixing of the powders

process was carried out at 600 °C, close to the melting tem-
perature of aluminum, under an atmosphere of high purity
nitrogen (Linde — 99.999%) in a 316L stainless steel tube
furnace with temperature control by Honeywell DC 2500
controller. The preparation process of Al-TiC-hBN hybrid
composite samples is shown in Fig. 3.

2.4 Determination of Density of Composites

The density of the produced composites was calcu-
lated experimentally using Archimedean principle [39-41].
Deionized water was selected as the immersion liquid. A bal-
ance with a precision of 107 (Shimadzu AUW-220D) was
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Fig. 1 Process flow chart during synthesizing the hybrid composites
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Fig. 3 Preparation of
cold-pressed and sintered
composite disks

Pressed Samples

used to weigh all samples. The average value of three values
obtained under the same conditions of all test samples was
reported. The following equations were used to calculate the
experimental density and the theoretical density [37-39].

. . Wapow
Experimental densit ( /cm3> =pp = —% 1
xperi ity (g =y O
Total mass

Theoretical density (g/cm3) ==
Total volume

Al mass + hBN mass + TiC mass

= @

Al mass + hBN mass + TiC mass
Al density hBN density TiC density

where p., Wa, pw, Wy are the observed density (g/cm?),
weight of the samples in air, water density and weight of the
sample in water, respectively [38—40].

2.5 Microstructure and Characterization of Hybrid
Composites

The sintering process was completed and the samples were
taken into bakelite before microstructure and microhardness
tests were performed. Sanding and polishing were carried out
to examine the microstructures of the samples more clearly
after the bakelitizing process was completed. The processes
were carried out on SiC sandpapers of 100, 240, 400, 600,
800, 1000, and 1200 mesh, respectively, and then were pol-
ished with a 3 wm diamond paste. The samples were also
washed with alcohol after polishing. The phase distribution

Springer

and structural defects of the samples were examined by using
an optical microscope (Nikon Eclipse MA100). To examine
the wear surfaces more detailed analysis of the samples was
performed using SEM and EDX (Zeiss EVO MA10 SEM)
to determine the reinforcing element particles distributed in
the Al matrix structure. For phase identification of the pre-
pared samples, X-ray diffraction (XRD) was performed on a
Rigaku RINT-2000 X-brand instrument with a scan range of
20 = 10° to 80° and 40 kV/40 mA.

2.6 Hardness

In hardness tests, measurements were taken from 5 different
points with a hardness tester at the HV30 hardness unit with
a loading time of 15 s, and the average hardness values of
the hybrid composites were determined by averaging these
values.

2.7 Wear Tests

Wear tests were carried out by a pin-on-disk wear tester
(Fig. 4) under dry wear conditions with 3 different loads (10
N, 20N, and 30 N) at a sliding speed of 50 mm/sec and a total
sliding distance of 1000 m using a steel wear pin. At a total
sliding distance of 1000 m, the weight losses of the samples
were measured at every 100 m on a balance with a sensitiv-
ity value of 10-5 (Shimadzu AUW-220D), and the measured
values were recorded and weight losses were plotted for each
sample with respect to the distance. For the determination of
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Fig.4 Pin-on-disk test rig
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Fig.5 Calculated density (g/cm?) values of produced hybrid composites

friction coefficients, each sample was abraded for a sliding
distance of 1000 m and the friction coefficient values of the
composites were recorded by the wear tester. The recorded
coefficient of friction values was then uploaded to the com-
puter and finally coefficient of friction graphs was generated.

3 Results and Discussion
3.1 Density

The densities of the hybrid composites are shown in Fig. 5. It
was detected that TiC reinforcement has increased the density
value, but the density values decreased with hBN reinforce-
ment. Similar results were also obtained for TiC and hBN
reinforcements in literature studies [23-30].

3.2 Microstructure

Optical microscope (OM) images taken at different sizes of
the hybrid composite prepared for microstructure examina-
tion are shown in Fig. 6. From the plots, it is seen that TiC and
hBN particles with close particle sizes are homogeneously
distributed in the Al matrix structure.

3.2.1 Optical Microscope Images

Optical microscope images of sanded and polished hybrid
composites in 2 different magnifications (100-1000 KX) are
shown in Fig. 6. In the optical images, it is observed that
the reinforcement powders are homogeneously distributed
in the Al structure. In the OM images taken after sintering,
thin boride layers were found at the grain boundaries of the
sintered AI/hBN composites. It was clearly observed that the
boride phase thickened at the grain boundaries with increas-
ing hBN content.

3.2.2 XRD Characterization

XRD analysis results of the hybrid composites prepared for
microstructure analysis are shown in Fig. 7. As seen from
the patterns, the presence of distinct peaks corresponding
to TiC and hBN was detected within the structural com-
position of the Al matrix. In addition, peaks of aluminum
titaniums (Al3Ti) and (Al3Tiy), aluminum boron (AlBj»),
aluminum nitride (AIN), titanium nitride (TioN) and boron
nitride (B>5N) compounds were observed together with the
reinforcing elements and matrix material. The peaks at 26
values of 38.12°, 44.41°, 64.72°, 77.85° and 81.99° belong
to aluminum with Miller indices of (111), (002), (022), (113)
and (222), respectively. When the Miller indices are ana-
lyzed, the peaks at (002) and (011) with 26 values of 26.65°
and 43.66° correspond to the hexagonal boron nitride struc-
ture [25, 26]. In XRD analyses, the indices (111), (200), (220)
and (311) represent TiC particles, which vary at 26 degrees
of 36.32°, 41.83°, 61.07° and 75.81° and hkl about (111),
(200), (220) and (311). These peaks indicate that TiC parti-
cles are homogeneously distributed in the Al matrix [32, 36].
The diffraction peaks of TiC and hBN particles have lower
intensities, which can be attributed to the low wt% of hBN
and TiC phases in aluminum hybrid composites. Each of the
hBN and TiC phases combines strongly with Al particles
after sintering through the formation of good bonds between
them, improving the physical and mechanical properties.

3.2.3 SEM Images
SEM images obtained in the microstructures of the hybrid

composites and EDX mapping results obtained to exam-
ine the homogeneity of the reinforcing elements are shown

@ Springer
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Fig. 6 Microstructure images of
hybrid composites; a Al,

b Al-TiC, ¢ AI-hBN,

d AI-TiC-hBN,

e Al-3TiC-2hBN,

f Al-2TiC-3Hbn
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Fig.6 continued Al-3TiC-2hBN

in Figs. 8 and 9. In the EDX results, results similar to the
reinforcement amounts in Table 1 were obtained and it was
seen that the reinforcing elements were homogeneously dis-
tributed in the matrix structure. In the EDX analysis results, it
was seen that values close to the doped reinforcing elements
given in Table 2. In the examination of the reinforcement
particles in the matrix structure by mapping technique, it is
seen that hBN and TiC reinforcements are homogeneously
distributed in the matrix structure. Although heterogeneity is
observed in some sections, this is thought to be due to the
chosen reinforcement particle sizes.

3.3 Hardness

Images of the pyramids obtained in hardness tests are shown
in Fig. 10, and the results taken from 5 different points of
the composites are given in Fig. 11. According to the results
obtained in hardness tests, superior results were obtained in
all samples compared to pure Al composite. The hardness
values of the pure Al sample were similar to the literature
studies [41—43]. The highest hardness value was obtained in
the Al-TiC-hBN sample and an increase in hardness value
of approximately 37.08% was observed compared to the
pure Al sample. When the literature studies are examined,
it is reported that TiC and hBN powders increase the hard-
ness values of the matrix material [30-34]. The hardness
values are highly dependent on the particle size and con-
centration of the additive particles. The hardness of AI/hBN

WA 2000 kx|

hybrid composites is higher than that of Al/TiC hBN hybrid
composites; hence, hBN reinforcing particles form stronger
bonds with Al particles than TiC reinforcing particles, which
subsequently inhibit the movement of dislocations and con-
sequently increase the hardness as shown in Fig. 11.

3.4 Wear

The wear weight loss graphs of the samples under 3 different
loads are shown in Fig. 12. In wear tests, the tendency of high
wear depth increases with increasing load, and similar results
were obtained with literature studies [44, 45]. The wear rate
of AI/hBN and AVTiC hybrid composites is highly depen-
dent on the reinforcing particles and their concentration. The
increase in the wt% of hBN and TiC leads to a decrease in
wear rate (increase in wear resistance), which is due to bond-
ing at the interfaces between the reinforcing particles and Al
particles, which then creates thermal stresses at the interfaces.
The differences between the melting points of the reinforc-
ing nanoparticles and aluminum particles and subsequently
these thermal stresses will increase the interlocking of the
dislocations. The reinforcing particles will inhibit the move-
ment of dislocations and increase wear resistance (reduce the
wear rate).

It is also supported by literature studies that TiC addi-
tive positively affects the wear resistance of composites in
the samples where wear tests were performed [46—49]. The
resistance on the wear surfaces of the samples is attributed

@ Springer
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Fig.7 XRD diffraction patterns a Al, b AI-TiC, ¢ Al-hBN, d Al-TiC-hBN, e Al-3TiC-2hBN, f Al-2TiC-3hBN
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Fig.8 SEM views of hybrid
composites; a Al, b AI-TiC,
¢ Al-hBN, d AI-TiC-hBN,
e Al-3TiC-2hBN,
f AI-2TiC-3hBN
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to the improvement of the hardness where significant inter-
facial bonds between the matrix and ceramic particles, the
embedding of hard TiC particles, the grain refinement in the
structure, and the hBN particles [47, 48]. The reduction in the
wear rate of the composites is thought to be due to the effec-
tive formation of a tribo-layer, which becomes thicker and
denser as the weight % of hBN increases [25]. At the same
time, the increase in wear resistance of the composites was
attributed to the presence of hBN reinforcement with solid
lubricant properties. hBN particles are thought to form a pro-
tective layer between the matrix and the surface material and
reduce the wear rate [24-26]. When the rate of weight loss
as a result of wear is examined, the lowest weight loss was

f)

obtained in the Al-TiC—hBN composite and a 59% decrease
for 10 N, 30% for 20 N, and 60% for 30 N were obtained,
respectively, compared to the pure Al sample. The increase
in applied loads also increased the amount of wear for all
samples.

Friction coefficient graphs recorded as a result of wear
tests (10 N) and average friction coefficient values obtained
from the wear tester as a result of 3 different loads are
shown in Fig. 13. Decreases in friction coefficient values
were observed with the effect of reinforcements and such
values are supported by literature studies [23—-26, 34]. In addi-
tion, due to the layered hexagonal crystal structure of hBN
particles, a thin lubricating film is formed on the pin surface

@ Springer
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Fig. 9 EDX spectra of synthesized hybrid composites a AL, b Al-TiC, ¢ Al-hBN, d AI-TiC-hBN, e Al-3TiC-2hBN, f Al-2TiC-3hBN
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Fig. 10 Various sample images of hardness indentation a AL, b Al-TiC, ¢ Al-hBN, d Al-TiC-hBN, e Al-3TiC-2hBN, f Al1-2TiC-3hBN

of the composites during pure sliding wear, which is thought
to be the main reason for the decrease in COF by adding hBN
to the composite [26]. Similar to the hardness and weight
loss results for the coefficient of friction values, the low-
est coefficient of friction was obtained for the AlI-TiC-hBN
composite. When the friction coefficient graphs were exam-
ined in detail, it was observed that the friction coefficient
value increased intensely in the pure Al sample as the wear
continued in the cracked areas for a long time, while the fric-
tion coefficient value remained constant for a certain period
of time with the TiC reinforcement, and the friction resis-
tance decreased visibly in the graphs with the formation of
the tribo-layer.

From the literature studies, where reinforcing elements
have been used previously, sintered composites with hBN
content of 10 and 15% by volume in stainless steels showed
higher coefficients of friction than the sintered composite
with 20% h-BN by volume [23]. The amount of hBN in com-
posites can be optimized to reduce friction depending on the
hBN loading. For example, increasing the hBN content from
0to 10 wt% in Cu-based composite and adding 4.0 wt% hBN
to Ni-based composite resulted in slight increases in friction
[50, 51].

As a result of wear tests under 3 different loads, SEM
images of the hybrid composites after wear at the lowest (10
N) and the highest (30 N) forces are shown in Figs. 14 and
15. In the SEM images, it was observed that deep cracks and

Al-2TiC-3hBN

Al-3TiC-2hBN

AI-TiC-hBN

Al-hBN

AI-TiC

Al

T T T T
0 10 20 30 40 50 60

Hardness (HV, )

Fig. 11 Hardness values for the produced hybrid composites

large gaps were formed in the pure Al sample as a result of
wear. With TiC and hBN reinforcement, there is a notice-
able decrease in wear tracks and wear path diameter. This
is thought to be due to the resistance of the reinforcements
against wear. It was observed that hBN reinforcement forms
a tribo-layer on the surface of the samples against wear and
reduces the direct metal-to-metal contact. TiC particles were
also homogeneously dispersed against wear, reducing the
wear depth and scars. In SEM images shown in Figs. 14 and
15, it can also observe that TiC and hBN particles increased
the adhesion friction on the wear track. Adhesive and abrasive
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Fig. 12 Change in weight losses with sliding distance (mg) for a 10 N, b 20 N, ¢ 30 N loadings

wear was generated for all samples. At low loads, abrasive
wear is the main wear mechanism, while at higher loads,
adhesive wear is the main wear mechanism. The grooves of
Al/hBN hybrid composites are thinner than the grooves of
Al/TiC hybrid composites because hBN particles showed a
better wear resistance than TiC particles due to the increase
in temperature in the wear zone after a certain period of abra-
sion. Despite having a higher hardness, TiC particles did not
exhibit the same level of wear resistance as hBN particles. In
the study, the best wear resistance result was obtained with
equal proportions of hBN and TiC reinforcement. This is due
to the high hardness behavior of the TiC particles and the for-
mation of a tribo-layer to protect the metal matrix under the
high wear temperature of the hBN particles. In pure Al sam-
ple, direct contact occurs between the abrasive pin and the

@ Springer

wear surface. This combined effect leads to an increase in
the amount of wear. The reduction in the wear rate of the
hybrid composite with TiC and hBN reinforcement is due
to the effective formation of a tribo-layer, which becomes
thicker and denser as the wt% of hBN increases [52].

4 Conclusions

The homogeneously combined powders of hBN and TiC
were pressed by cold pressing technique and sintered in
a nitrogen atmosphere. The effects of additives on the
microstructure, hardness, wear, and friction coefficient char-
acteristics of the produced composites and the findings are
presented below;
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e XRD examination revealed that Al-TiC-hBN particles
maintained their unique phases while developing new
compounds among themselves as a result of structural and
morphological investigation. SEM images also showed
that the reinforcing additives were dispersed within the
matrix structure.

e The density value of the hybrid composites decreased with
increasing hBN reinforcement.

e The hardness value increased significantly with all rein-
forcements compared to the pure Al sample.

e In wear tests, when compared to pure Al, the weight loss
quantities and friction coefficient values of the compos-
ites improved significantly with the addition of TiC and
hBN additions. The Al-TiC-hBN composite reinforced
with TiC and hBN in equal amounts had the highest wear
resistance and hardness value among all of the samples.
It is believed that the findings from this study will allow
for the utilization of longer-lasting machine parts in areas
exposed to wear, as well as lower servicing costs in related
industries.
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