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This study reports on the exfoliation of bulk hexagonal boron nitride (hBN) by high-energy ball milling and the development
of Al-hBN (alumninum-hexagonal boron nitride) nanocomposites by the powder metallurgy (PM) route via the incorporation
of the exfoliated hBN in the Al matrix as a nanoreinforcement. The effect of ball milling on the morphology, crystallite size,
lattice strain, and thermal stability of hBN powder have also been reported in this paper. Commercially available bulk hBN
was ball milled for up to 30 hours in a high-energy planetary ball mill in order to exfoliate the hBN. Although no new phases
were formed during milling, which was confirmed by the XRD (x-ray powder diffraction) spectra, ball milling resulted in the
attachment of functional groups like hydroxyl (OH) and amino (NH2) groups on the surface of the hBN, which was confirmed
by FTIR (Fourier Transform Infrared Spectroscopy) analysis. HRTEM (high resolution transmission electron microscopy)
analysis confirmed the synthesis of hBN having few atomic layers of hBN stacked together after 20 hours of milling. After
20 hours of milling, the hBN particle size was reduced from ~1 µm to ~400 nm, while the crystallite size of the 20-hour-
milled hBN powder was found to be ~18 nm. Milling resulted in a flake-like structure in the hBN. Although milling involved
both exfoliation as well as reagglomeration of the hBN particles, a significant decrease in the diameter of the hBN particles
and their thickness was observed after a long period of milling. The average thickness of the 20-hour-milled hBN flakes was
found to be ~32.61 nm. HRTEM analysis showed that the hexagonal structure of the milled hBN powder was maintained.
Al-based nanocomposites reinforced with 1%, 2%, 3%, and 5% by weight hBN were fabricated by PM route. The Al-hBN
powder mixtures were cold-compacted and sintered at 550◦C for 2 hours in argon (Ar) atmosphere. The maximum relative
density of ~94.11% was observed in the case of Al-3 wt.% hBN nanocomposite. Al-3 wt.% hBN nanocomposite also showed
a significant improvement in hardness and wear resistance compared to the pure Al sample that was developed in a similar
fashion. The maximum compressive strength of ~999 MPa was observed in the case of Al-3 wt.% hBN nanocomposite and was
approximately twice that of the pure Al sample developed in a similar fashion.
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1. Introduction
Aluminum (Al) is the second most widely used

metal in the world after iron (Fe). It has a low
density (2.7 g/cc), good thermal conductivity (237
W/mK), low electrical resistivity (2.65 x 10−8

Ω.m), excellent malleability and corrosion resis-
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tance, and good formability. Its Young’s modulus
is 70 GPa, and its Vickers hardness is 160-350
Mpa. The melting point of Al is 660.32◦C, and its
strength decreases at high temperatures [1–3].

However, there is an increasing demand for Al
and its alloys, which have high strength. Al-matrix
composites (AMCs) reinforced with suitable rein-
forcements are being developed to overcome the
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shortcomings of Al and meet the growing demand
for high-strength materials. Strengthening Al with
nanofillers like hexagonal boron nitride (hBN) is
an excellent option for overcoming the limitations
of monolithic Al and could help us achieve a good
combination of high strength, stiffness, toughness,
and low density.

Since the discovery of graphene, research on
other two-dimensional (2D) materials like hBN
has attracted considerable interest [4, 5]. hBN is
known for its thermal stability, chemical inertness
and wide range of applications. It has a low den-
sity of 2.3 g/cc and has a very high specific sur-
face area of 0.82-30 m2/g, and thus it is highly suit-
able for use as a reinforcement in nanocomposites
[6, 7]. hBN has a honeycomb structure of alternate
boron (B) and nitrogen (N) atoms bonded by an
sp2 hybridized orbital, forming a strong σ bond.
The interlayers are bonded by weak van der Waals
forces, allowing them to slide easily between the
layers, providing excellent lubricating properties.
This is why hBN can provide excellent wear re-
sistance when used as a nanoreinforcement to de-
velop nanocomposites [8–10]. hBN has a very high
melting point of 2973◦C, which makes it a good
high-temperature ceramic, and its thermal conduc-
tivity is 550 Wm−1K−1. It has a bandgap of 5.9 eV
and behaves as an insulator. Its Young’s modulus is
800–850 GPa [11–13].

Reinforced materials are of great significance in
technological advancements. A lot of research has
been done on carbon-based reinforcements, such as
carbon nanotubes (CNT), graphene and graphene
oxide, and there has been an exponential rise in
their industrial applications. On the other hand,
one of the major drawbacks of ceramic-based rein-
forcement materials is their relatively high density.

Due to its excellent properties, hBN has the po-
tential to be used as a reinforcement in compos-
ites [14, 15]. Several studies have been reported
in the literature on the mechanical and tribologi-
cal behavior of Al matrix-based composites rein-
forced with hBN. Firestein et al. [16] observed a
dramatic improvement in the mechanical proper-
ties of Al composite reinforced with 0.5, 1.5, 3.0,
4.5, 7, and 10 wt.% either boron nitride (BN) mi-
croparticles or nanoparticles (BNMPs and BNNPs)

fabricated using the spark plasma sintering (SPS)
technique. They reported that composites with 4.5
and 7.0 wt.% of BNMPs showed the highest tensile
strengths of 386 MPa at room temperature, whereas
at 500◦C, the highest tensile strength of 170 MPa
was observed in the case of 7 wt.% BNNP rein-
forced Al-based composite. They also reported that
the composites with BNMPs showed a more homo-
geneous microstructure as compared to the com-
posites developed with BNNPs. This clearly indi-
cates the greater tendency of the nanoparticles to
agglomerate compared to the micron sized parti-
cles, resulting in better mechanical performance in
the case of Al-based composites developed by us-
ing BNMPs. They also reported the formation of
phases like AlB2 and AlN during the development
of the Al-based composites by SPS.

Khatavkar et al. [17] reported on the tribologi-
cal properties of AA2024-hBN metal matrix com-
posites developed by the stir casting method. The
AA2024 – 0, 3, 6, and 9 wt.% hBN composites
were developed by the stir casting process and 1
wt.% magnesium (Mg) was added in order to en-
hance the wettability of hBN on the surface of the
AA2024 alloy. It was reported that the AA2024-
hBN composites were lighter than the AA2024 al-
loy and the density of the composites decreased as
their hBN increased. The lowest density was ob-
served in the case of the AA2024 – 9 wt.% hBN
composite. They also reported that the Rockwell B
hardness of the composites increased with the in-
crease in the content of hBN reinforcement and the
hardness of the AA2024 – 9 wt.% hBN composite
was 60.66 HBN. The AA2024 – 6 wt.% hBN com-
posite showed the best wear resistance as well as
minimum coefficient of wear resistance among all
the composites and the AA2024 alloy.

Yonetken and Erol [18] fabricated Al-based
composites reinforced with 3, 6, 9, 12, and 15% of
BN by conventional microwave sintering at 550◦C.
They reported the formation of compounds be-
tween the Al matrix and the BN reinforcement.
Their study showed that the highest microhardness
of 42.65 HV was observed in the case of Al at 12%
BN, while the highest density of 2.975 g/cc was ob-
served in the case of Al at 3% BN. From their work,
they concluded that the best results were observed
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in the case of Al 12% BN composite, and as the
loading level of BN was increased in the Al matrix,
the porosity in the composite increased, resulting
in a decrease in hardness.

Loganathan et al. [19] investigated the mechan-
ical properties and wear behavior of AA2024/hBN
composites developed by PM route. They devel-
oped AA2024 – 0, 2.5, 5, and 7.5 wt.% hBN com-
posites for their study. The composites were sin-
tered at 525◦C in Ar atmosphere. Their results re-
vealed that with an increase in hBN reinforcement
in the matrix, the hardness, density, and wear re-
sistance of the composite increased significantly.
They also reported an improvement in hardness of
68% as compared to that of the pure AA2024 alloy.
The AA2024 – 7.5 wt.% hBN composite showed
an improvement of 74.9% in wear resistance as
compared to the pure AA2024 alloy. This higher
wear resistance was due to the formation of lubri-
cation film between the contact zones.

Gostariani et al. [20] developed Al matrix
nanocomposites reinforced by 1, 2 and 4 wt.%
nano-boron nitride (BN) using a mechanical
milling and hot extrusion process and determined
their mechanical properties. Mechanical milling
was carried out in a planetary ball mill with stearic
acid as the process controlling agent (PCA) at 430
rpm for 300 minutes in Ar atmosphere. The milled
powder was later annealed at 200◦C for 60 minutes
and compacted to obtain billets. The billets were
then heated at 580◦C for 45 minutes and extruded
to obtain the final dense billets, which had a di-
ameter of 10 mm. Gostariani et al. reported that
a high fraction of the BN nanoparticles dissolved
and formed a solid solution in Al matrix during
milling, which increased the work hardening rate
of the composite powders. Milling resulted in the
formation of equiaxed particles and reduction in
particle size of Al. By increasing the BN content
in the range of 0-4 wt.%, the tensile stress of the
hot extruded samples increased from 212 to 333
MPa. The hardness of the nanocomposites having
1, 2, and 4 wt.% hBN was found to increase by 55,
70, and 90% compared to a milled pure Al sam-
ple, respectively, and 230, 260, and 300%, respec-
tively, compared to an unmilled pure Al sample.
They also reported the formation of in-situ AlN and

AlB2 phases by a solid-state reaction with Al dur-
ing sintering and hot extrusion.

The major objective of the present research
work is to improve the mechanical properties and
wear behavior of pure Al via the incorporation of
hBN nanofiller. Here, hBN nanoplatelets have been
synthesized by ball milling bulk hBN in a high-
energy planetary ball mill. Bulk hBN can be ex-
foliated to obtain hBN nanoplatelets that have few
layers stacked together by mechanical milling tech-
nique. Ball milling is a top-down method for syn-
thesizing nanomaterials and is highly effective in
exfoliating 2D materials like hBN and graphene,
although the yield in this method is not adequate
[21, 22]. The nanostructured milled hBN powder
obtained using milling was later added to the Al
matrix and mixed by ultrasonication. hBN was
used as a nanoreinforcement to investigate the ef-
fect of the nanostructured hBN on the various
physical and mechanical properties of the Al-hBN
nanocomposite.

2. Materials and methods
In the present research work, pure Al pow-

der with a particle size of ~44 µm was procured
from Loba Chemie Pvt. Ltd, India, and hexago-
nal boron nitride (hBN), with a particle size of
~1 µm and 99% purity, was procured from Ox-
ford Lab Fine Chem LLP, India. As shown in Fig-
ure 1, the ball milling process was used to exfo-
liate the pristine hBN and to reduce the number
of layers. 10 g of hBN powder was ball milled in
a high-energy planetary ball mill at 300 rpm us-
ing tungsten carbide (WC) balls and vials, which
were coated with cobalt (Co). Milling was done
using a ball-to-powder weight ratio of 10:1 using
toluene as the process controlling agent (PCA).
Ball milling was done for a total period of 30 hours.
The samples were collected intermittently after an
interval of 5 hours of milling to determine the ef-
fect of milling on the milled powder. The crystal-
lite size and lattice strain of the hBN powder be-
fore and after milling were determined using the
Voigt’s method from the XRD diffraction spectra.
The Voigt function for the analysis of the integral
breadths of broadened x-ray diffraction line pro-
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Fig. 1. Ball milling using a high-energy planetary mill

files is a rapid and powerful single-line method
for determining the crystallite size and strain. A
simple empirical analytical approximation to the
Voigt profile is proposed as a weighted sum of the
Lorentzian and Gaussian functions. The size- and
strain-broadened profiles of the sample typically
fit with a pseudo-Voigt function, which is a linear
combination of the Gaussian and Lorentzian com-
ponents. The integral breadth of the Voigt func-
tion is expressed through its constituent integral
breadths. As the convolution of two Voigt functions
is also a Voigt function, the integral breadths are
easily separable. The Voigt function has been found
to show a superior and satisfactory fit [23–25].

The ball milled hBN powders were charac-
terized using x-ray diffraction (XRD) and scan-
ning electron microscopy (SEM). The XRD anal-
ysis of all the powder samples as well as the sin-
tered nanocomposites was done using a Bruker
D8 Advance x-ray diffractometer with Co Kα ra-
diation (λ = 1.79026 Å) in the 2θ range from
20◦–90◦, with a scan rate and step size of about
10◦/min and 0.02 respectively. The operating volt-
age was maintained at 35 kV and the current was
25 mA. The morphology of all the powder sam-
ples as well as the sintered samples was analyzed
using a Jeol JSM 6480LV scanning electron micro-
scope (SEM) equipped with an INCAPentaFET-x3
x-ray microanalysis system with a high-angle ultra-

thin window detector and a 30 mm2 Si(Li) crystal
for energy-dispersive x-ray spectroscopy (EDXS)
analysis. A Supra 55 Zeiss field emission scan-
ning electron microscope (FESEM) was also used
for microstructural analysis. The morphology of
the milled nanostructured hBN powder was also
analyzed using a FEI, Tecnai F30 G2 S-TWIN
high resolution transmission electron microscope
(HRTEM) with a field emission gun (FEG). The
operating voltage of the HRTEM was 300 kV.

The HRTEM analysis of the various hBN pow-
der samples was done using carbon-coated 300
mesh Cu grids. The particle size distribution of
both the as-received pristine hBN and the var-
ious milled hBN powders was determined us-
ing a Malvern Nano Zetasizer particle size an-
alyzer. For the particle size analysis, the vari-
ous powder samples were ultrasonicated using a
probe-sonicator for a period of 3 minutes. Iso-
propyl alcohol (C3H8O) was used as the dispersion
medium for the particle size analysis. Raman spec-
troscopy analysis was done using a WITec Model-
XMB3000-3000 PL micro Raman spectrometer
equipped with a WITec Alpha300 confocal Raman
microscope. The Raman spectra were recorded un-
der ambient conditions using an Ar+ polarized
green laser with a wavelength of 532 nm in the
range of 40 to 4000 cm−1.

Ultraviolet-visible (UV-Vis) spectroscopy is an
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analytical technique that measures the number of
discrete wavelengths of UV or visible light that are
absorbed or transmitted through a sample in com-
parison with a reference or blank sample. The UV-
Vis spectroscopy was done using a Jasco V-650
double-beam UV-Vis spectrophotometer with a
photomultiplier tube (PMT) detector using BaSO4
as a reference in the range of 200–900 nm at room
temperature.

Fourier transform infrared spectroscopy (FTIR)
was recorded on an IR Pestige-21 Shimadzu spec-
trophotometer using KBr as the mulling agent.
FTIR was done in the spectral range of 600 to
4000 cm−1. The resolution of the infrared rays
was maintained at 4 cm−1. The sample scanning as
well as background scanning were done 24 times.
KBr was used as the carrier for the sample in the
IR spectrum, as it has 100% transparency in the
range of wave numbers 400-4000 cm−1. Differen-
tial scanning colorimetry (DSC) and thermogravi-
metric analysis (TGA) were done in a Netzsch STA
409C Simultaneous Thermal Analyzer (STA) at a
heating rate of 10◦C/min in Ar atmosphere to deter-
mine the thermal stability of the various samples.

The DSC/TGA analysis was done in the tem-
perature range of 25–1100◦C. The procured hBN
powder was ball milled for up to 30 hours in or-
der to learn the effect of milling on the struc-
ture and morphology of hBN and to synthesize
hBN nanoplatelets. The 20-hour-milled hBN pow-
der was then blended with the pure Al powder by
ultrasonication in different weight ratios for a pe-
riod of 2 hour in acetone medium.

A 1000 W ultrasonicator was used in the present
research work. The ultrasonicator was equipped
with a solid-state ultrasonic generator generating
ultrasound in the frequency range of 2 ± 3 KHz and
a horn diameter of 12 mm. The process was carried
in an acetone medium. Here, acetone ((CH3)2CO)
acted as a process cooling agent and did not re-
act with the solute particles. Acetone also provided
uniform dispersion of the nanofiller. A uniform dis-
persion of the hBN nanofiller in the metal ma-
trix is essential in order to have a good nanofiller-
matrix interaction. Good dispersion of the hybrid
nanofiller in the Al powder is essential for im-
proved performance of the nanocomposite. In the

present work, acetone has been used as the sol-
vent for dispersing the hBN nanofiller and also for
blending the hBN nanofiller with the Al metal pow-
der.

The blended powder mixtures were compacted
using a uniaxial compaction machine under a load
of 550 MPa for a holding time of 5 min. The green
compacted pellets were then sintered in a tubu-
lar furnace in Ar atmosphere at a temperature of
550◦C for 2 h. Al-1, 2, 3, and 5 wt.% hBN sintered
nanocomposites were developed using this method.
A pure Al sample was also developed with a simi-
lar method in order to determine the effect of hBN
on the properties of the Al-hBN nanocomposites.

The densities of the sintered samples were
determined using Archimedes’ principle.
Archimedes’ principle provides easy and ac-
curate measurement of density, irrespective of the
sample shape. The Vickers microhardness of the
pure Al sample, as well as the various Al-hBN
nanocomposites developed under similar condi-
tions, was determined using a Leco LM248AT
microhardness tester with a diamond indentor.
The microhardness of the various samples was
determined on polished sintered samples under a
constant load of 10 gf for a dwell time of 10 s.
A ball-on-plate type DUCOM TR 208 M1 wear
tester with a 2 mm hardened steel ball indentor
(SAE 52100) was used for the wear test of all the
sintered samples under a constant load of 15 N for
10 minutes’ running time at 20 rpm. The maximum
compressive strength and the strain to failure of
the various sintered samples were determined by
compressive testing of the samples made as per
ASTM E9 standard in an Instron Digital Servo
electric universal testing machine (UTM).

For analyzing the evolution of the bulk texture
of the sintered nanocomposites, a Bruker D8 Ad-
vance system with Co-Kα radiation (λ = 1.7909
Å) was used. A Lyneye detector was used to record
the data. Five pole figures (111), (200), (220), (222)
and (311) were measured. Subsequently, oriented
distribution functions (ODFs), a mathematical set
of harmonic functions that help in describing tex-
ture, were determined using Labotex 3.0. For the
texture calculation, no symmetry was applied [26].
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Fig. 2. (a) XRD of hBN powder milled for various periods of time and (b) (002) peak of hBN

3. Results and discussion
The as-received pristine hBN was milled for

up to 30 hours in order to determine the effect
of milling on the structure and morphology of the
hBN and to synthesize hBN nanoplatelets. Samples
of hBN were taken out intermittently at intervals of
5 hours. Figure 2(a) shows the XRD spectra of the
as-received pristine hBN powder and the various
milled hBN powders. XRD peaks corresponding to
the (002), (010), (011), (012), and (004) diffraction
planes of pristine hBN could be seen at 2θ val-
ues of 31.2◦, 49.0◦, 51.3◦, 59.3◦, and 65.4◦, respec-
tively. The (002) peak corresponding to the basal
plane of hBN at 2θ value of 31.27◦ shows the high-
est intensity. The d-spacing for the (002) plane cal-
culated using Bragg’s law (λ = 2d002Sinθ ) was
found to be 3.32 Å. Considering the (010) plane
and using Bragg’s law, we get the interplanar d-
spacing for the (010) plane (d010) to be 2.16 Å
[27, 28]. This clearly indicates high crystallinity in
the as-received pristine hBN. However, peak broad-
ening and reduction in intensity of the (002) peak
of hBN with milling time is evident, indicating a re-
duction in crystallite size of hBN with an increase
in milling time.

The crystallite size and lattice strain of the hBN
powder milled for various periods of time were cal-
culated using Voigt’s formula. In this method, the

broadening of the peak in the XRD spectrum is
considered to be due to both the size and strain ef-
fects, and both the size- and strain- broadened pro-
files were assumed to be Voigtian. For specimen-
broadened XRD profiles, Blazar and Ledbetter [29]
and Langford [30] later formulated a technique
considering both the size and strain effects on the
broadening of the peaks using the Voigt function,
which is a convolution of the Cauchy-Lorentz dis-
tribution and the Gaussian distribution [31, 32].

A slight shift of the (002) peak in the XRD spec-
tra of hBN with the increase in milling time can
be seen in Figure 2(b). This is due to the diffusion
of trace amounts of O (atomic radius = 0.06 nm)
and C (atomic radius = 0.07 nm), which have rel-
atively smaller atomic radii, into the hBN lattice.
The diffusion of these impurity atoms with very
small atomic radii resulted in the shift of the (002)
peak towards higher 2θ values. The EDXS analy-
sis in Figure 4 also clearly indicates the increase
in percentage of oxygen in the hBN with increased
milling time. The extent of diffusion of impurity
atoms into the hBN lattice during milling was very
negligible.

Figures 3(a, b) show the variation of the crys-
tallite size and lattice strain of hBN with milling
time. From Figure 3(a), it is evident that there is
a gradual decrease in the crystallite size of hBN
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Fig. 3. Variation of (a) crystallite size and (b) lattice strain of hBN with milling time

with an increase in milling time. The decrease in
crystallite size is associated with an increase in the
lattice strain, as can be seen in Figure 3(b). From
Figure 3(a), it is evident that within the period of 5
hours to 15 hours of milling, no significant change
in the crystallite size was seen. After 5 hours of
milling, there was no significant decrease in the
crystallite size of hBN upon further milling up to
15 hours. This is because the reduction in crystallite
size due to milling was accompanied by cold weld-
ing between the particles. During ball milling, both
fragmentation as well as cold welding takes place.
A balance of the two processes does not bring about
any effective change in the crystallite size. A slight
increase in the crystallite size of hBN was observed
after 10 hours of milling, followed by a sudden re-
duction in the crystallite size of hBN beyond 15
hours of milling. The crystallite size of hBN after
15 hours of milling was found to be ~61 nm, show-
ing a sudden reduction to ~18 nm after 20 hours
of milling. This was also accompanied by a sudden
rise in lattice strain.

Exfoliation of 2D materials like hBN has been
done via top-down routes using strong acid or ox-
idant, ball milling, ultrasonication and hydrother-
mal techniques. Here, in the present work, exfoli-
ation of the commercially available bulk hBN has
been done mechanically by ball milling the bulk
hBN powder in a high-energy planetary ball mill
for 20 hours. Toluene was used as the process
controlling agent (PCA) during milling. The hBN

nanoplatelets obtained after 20 hours of milling, as
well as the hBN powder collected intermittently af-
ter every 5 hours of milling, have been character-
ized by several analytical techniques in order to de-
termine the extent of exfoliation achieved with the
progress of the milling [33].

Figure 4 shows SEM images of the hBN pow-
der that was milled for various periods of time. Af-
ter 20 hours of milling, the flat plate-like lamellae
of the hBN can be seen in the SEM images in Fig-
ures 4(g, h). From the EDXS analysis, along with
the SEM images, it is evident that within the initial
5 hours of milling, the milled powder only shows
boron (B) and nitrogen (N) in the EDXS analysis,
and no other impurities can be seen. However, with
the increase in milling time, the oxidation of the
milled hBN powder is evident. The EDXS analysis
showed no presence of oxygen until after the ini-
tial 5 hours of milling. However, beyond 5 hours
of milling, oxidation of the hBN takes place. This
is evident from the increase in the at.% of O in the
EDXS analysis of the 10 hours and 20-hour-milled
hBN powders shown, along with the SEM images
in Figure 4(f and h), respectively.

Although the at.% of O was not detectable
within the initial 10 hours of milling, the at.% of
O in the milled hBN continued to increase with the
milling time. After 10 hours of milling, the at.%
of O in the milled hBN was ~8.95%, and after 20
hours of milling, and the at.% of O in the milled
hBN was ~11.91%. After 20 hours of milling, the
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Fig. 4. SEM micrographs of (a, b) as-received pristine hBN, (c, d) 5-hour-milled hBN, (e, f) 10-hour-milled hBN,
and (g, h) 20-hour-milled hBN, along with EDXS analysis

thickness of the flakes had been reduced signif-
icantly, indicating clearly that the hBN platelets
were successfully exfoliated by milling. The SEM
images in Figures 4(g, h) clearly confirm the nanos-
tructured nature of the 20-hour-milled hBN pow-
der and show the polyhedron morphology of the
nanoplatelets with a thickness in the range of 150–
350 nm.

The DSC curve in Figure 5 provides important
information regarding the heat flow, with the tem-
perature rising due to physical and chemical pro-
cesses like decomposition and oxidation. Thermal
analysis of the 30-hour-milled hBN powder was
done up to 1100◦C at a heating rate of 10◦C/min in
Ar atmosphere. The DSC plot in Figure 5 shows a
sharp peak starting at ~850◦C and reaching a maxi-



76 Arka Ghosh et al.

Fig. 5. DSC and TGA plots of 30-hour-milled hBN

mum at ~1100◦C. No significant heat flow was ob-
served up to 850◦C, but beyond 850◦C, the heat
flow increased significantly. A sharp rise in the heat
flow can be seen in the DSC plot in Figure 5. An in-
tense exothermic peak, related to the oxidation of
hBN-forming boron trioxide (B2O3), appeared in
the range of 850–1100◦C. The formation of B2O3
was accompanied by a simultaneous increase in
mass, as can be seen in the TGA plot given, along
with the DSC plot in Figure 5. Initially, the mass
almost remained stable and the decomposition and
oxidation of hBN nanoplatelets started at ~850◦C.

It is clear from the TGA analysis that the hBN
has a very high thermal stability and does not
show any sign of disintegration up to a tempera-
ture of ~850◦C. An almost 25% increase in mass
was observed due to the formation of B2O3. As the
hBN powder decomposes, B reacts with O, form-
ing B2O3, while N is released as N2 gas, along with
other nitrogen oxides (NOx) [34–36].

2BN+3/2O2 → B2O3 +N2 . . . (1)

Raman spectroscopy has become an essen-
tial technique for characterizing 2D materials like
graphene and hBN. The Raman spectra were
recorded at room temperature in the spectral range
of 400–4000 cm−1 using a laser excitation of 532
nm for the as-received pristine hBN powder, as
well as for the hBN powder milled for various pe-
riods of time. The Raman spectra in Figure 6(a)
show a sharp and highly intense G-band centered

at ~1369 cm−1 corresponding to the E2g in-plane
vibration mode in hBN, which is the characteristic
peak of highly pure and crystalline pristine hBN.
This is consistent with the position of the G-band
in the Raman spectra of hBN, which has been re-
ported in the literature to lie in the range of ~1363–
1367 cm−1 [37]. No shift in the peak at ~1369
cm−1 in the Raman spectra could be seen with
milling time (Figure 6(b)). The shift in the peak
of the Raman spectrum could have been caused by
doping due to the substrate or adsorbates, the heat-
ing effect from the laser beam, and strain induced
by the substrate. As we do not see any shift in the
peak, it can be concluded that none of these signif-
icantly affected the hBN powder with the increase
in milling time [38].

Figure 6(c) shows the variation of the full width
at half maximum (FWHM) of the G-band at ~1369
cm−1. It has been reported that the FWHM of the
G-band is directly related to the crystallinity of the
hBN nanoplatelets, and a Raman band is narrower
in crystalline materials as compared to amorphous
materials [39, 40]. As indicated in Figure 6(c), ini-
tially a slight reduction in the FWHM of the G-
band was observed up to 10 hours of milling, in-
dicating an increase in the crystallinity. The broad-
ening or the decrease in the intensity of the G-
band also indicates the extent of the disorder in
the sample. A sudden increase in the FWHM was
observed in the case of the 15-hour-milled sample
due to reagglomeration of the nanoplatelets during
milling. However, finally, after 20 hours of milling,
the crystallinity was found to be the highest when
the FWHM was found to be the lowest, suggesting
that the formation of hBN nanoplatelets had few
layers of hBN stacked together.

Figure 7 shows the HRTEM images and SAD
patterns of the as-received pristine hBN powder
and the hBN powder milled for various periods
of time. The SAD pattern in Figure 7(d) shows a
set of bright spots having sixfold symmetry, which
suggests that the as-received pristine hBN powder
has a hexagonal structure. The SAD pattern clearly
indicates the highly crystalline nature of the as-
received pristine hBN. The plate- like structure of
the hBN is evident from the HRTEM images of
the 10-hour-milled hBN powder in Figures 7(e–
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Fig. 6. (a) Raman spectra of hBN milled for different periods of time, (b) peak at ~1396 cm−1, (c) Variation of
FWHM at peak of ~1369 cm−1 with milling time

g). The HRTEM images of the 10-hour-milled
hBN show the multilayered structure of the hBN
nanoplatelets, and folding of the hBN nanoplatelets
can be seen in Figure 7(f). The SAD pattern in
Figure 7(h) shows incomplete rings with bright
diffraction spots. The HRTEM images of the 20-
hour-milled hBN powder in Figures 7(i–k) clearly
indicate that ball milling was successful in exfoli-
ating the hBN powder; the flake-type structure of
the 20-hour-milled hBN is very similar to that of
graphene. The SAD pattern of the 20-hour-milled
hBN powder shows a set of bright dots and several
weaker dots with sixfold symmetry, suggesting that
the crystalline structure of the hBN powder is pre-
served even after 20 hours of milling. The rings in
the SAD pattern in Figure 7(l) can be indexed to
the (002), (014), (010), (012), and (004) diffraction
planes of hBN [41, 42].

Figure 8(a) shows the particle size distribution
for hBN powder samples milled for various pe-
riods of time. It is evident that the particle size
ranges from 396.1 to 825 nm for the as-received
pristine hBN powder, while the particle size lies in
the range of 396.1 to 531.2 nm for 5-hour-milled,
342 to 458.7 nm for 10-hour-milled, 531.2 to 825
nm for 15-hour-milled, and 295.3 to 458.7 nm for
20-hour-milled powder. From this analysis, it can
be concluded that with the increase in the milling
time up to 10 hours of milling, the particle size de-
creases, but beyond 10 hours of milling, the particle
size increases due to the agglomeration of particles.
The 15-hour-milled sample also shows an increase
in the particle size. However, the particle size again
decreases when milled beyond 15 hours, and a re-
duction in the particle size can be seen in the 20-
hour-milled hBN powder sample as well [43].
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Fig. 7. HRTEM of (a-c) as-received hBN, (e-g) 10 h- (i-k) and 20 h-milled hBN powder. SAD pattern of (d) as-
received hBN, (h) 10 h- and (l) 20 h- milled hBN powder

Fig. 8. (a) Particle size distribution, (b) FTIR analysis of hBN milled for various periods of time, and (c) UV-Vis
of as-received pristine hBN

Figure 8(b) shows the FTIR transmission spec-
tra of both the as-received pristine hBN powder and
hBN powder that has been milled for various peri-
ods of time. The FTIR spectra show the characteris-
tic peaks of B-N. Only two characteristically strong

and intense peaks, corresponding to the B-N, are
seen in the FTIR spectra of the as-received pristine
hBN sample and the various milled hBN samples.
The low-intensity peaks, corresponding to the other
functional groups attached to the hBN, are faint and
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Fig. 9. SEM micrograph of (a) 20 h-milled hBN powder (b) pure Al powder

Fig. 10. XRD spectra pure Al

are not clearly visible. The strong and broad peaks
are because of the in-plane stretching vibration of
the B-N at ~1369 cm−1 and out-of-plane bending
mode at ~808.53 cm−1. These two peaks represent
B-N-B bonds between two hexagonal basal planes
and the stretching of the B-N bonds within the basal
plane. At ~3232 cm−1, vibrations due to the N-H
bond can be seen [44]. At ~3679 cm−1, stretching
vibrations due to the O-H bond can be seen.

From Figure 8(b), it can be seen that with the
increase in the milling time, the O-H stretching
increases, as does the contamination due to oxy-
gen. The vibrations due to the O-H bond are due
to absorbed water molecules. Figure 8(c) shows the
ultraviolet-visible (UV-Vis) absorption spectrum of
the as-received pristine hBN. Tauc plot is used to
determine the optical bandgap, or Tauc bandgap, of

semiconductors. Here, the square root of the prod-
uct of the absorption coefficient and photon energy
are plotted against the photon energy. The curve
should have a section that is a straight line. If ex-
tended to the x-axis, the intercept of this line cre-
ates an optical band gap. The figure inset shows
the corresponding Tauc plot, which was plotted us-
ing Tauc’s formula. The optical bandgap range for
bulk hBN, as reported in the literature, lies in the
range of ~5.2–5.4 eV [45]. The optical band gap for
the as-received pristine hBN in the present study
was found to be ~5.5 eV. The slight discrepancy
of the value found here with the reported theoret-
ical value could be due to the multilayered nature
of the hBN. Due to its wide band gap of ~5.5 eV,
the hBN behaves as an insulator. The pristine hBN
shows high photoluminescence emissions in deep
ultraviolet range of 200–220 nm. An intense lumi-
nescence peak is seen at around ~215 nm.

Apart from analyzing the effect of milling
on the as-received pristine hBN powder, Al-hBN
nanocomposites were also developed by powder
metallurgy (PM) route. Figures 9(a, b) show SEM
micrographs of 20-hour-milled hBN powder and
pure Al powder, respectively. The 20-hour-milled
hBN powder was blended with the Al powder to
prepare the Al - 1, 2, 3, and 5 wt.% hBN powder
mixtures. The SEM image in Figure 9(a) shows the
hBN nanoplatelets with an average particle size in
the range of ~10–12 µm. Al particles having dif-
ferent sizes can be seen in the SEM micrograph of
pure Al powder in Figure 9(b). The SEM image of
Al powder in Figure 9(b) shows dumbbell-shaped
Al particles with sizes in the range of ~35–100 µm.
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Fig. 11. (a–f) HRTEM images and (g, h) SAD patterns of Al-3 wt.% hBN powder mixture

Figure 10 shows the XRD spectra of the pure
Al powder. The XRD spectrum of pure Al pow-
der shows (011), (111), (002), and (022) diffraction
peaks corresponding to various planes of FCC Al.
In the XRD plot in Figure 10, a peak corresponding
to the (011) plane of aluminum oxide (Al2O3) can
also be seen due to the oxidation of the Al powder
when its surfaces were exposed to the open atmo-
sphere.

A thin hard layer of Al2O3 also developed on
the Al surface due to the oxygen in the air. Due
to the strong affinity of Al towards oxygen, Al is
readily oxidized by the atmospheric oxygen and a
thin passivation layer of Al2O3 quickly forms on
the exposed Al surface. This layer protects the Al
from further oxidation. The presence of the Al2O3
layer on the Al particles could affect the wettability
of the hBN on the surface of the Al particles during
the development of Al-hBN nanocomposites [46].

Figure 11 shows the HRTEM images and SAD
patterns of the Al-3 wt.% hBN powder mixture.
The Al and hBN powders were blended by ultra-
sonication in acetone medium for 2 hours. Dark Al
particles can be seen trapped within the hBN flakes.
A good mixing between the Al particles and the
hBN flakes can be seen. From the HRTEM micro-
graphs, close association between the Al particles

and the hBN flakes can be observed and the Al par-
ticles and the hBN flakes are found to be in contact
with each other [47, 48].

The SAD pattern in Figure 11(g), which was
obtained from the hBN flakes in the Al-3 wt.%
hBN powder mixture, shows a well-defined hexag-
onal diffraction spot pattern indicating six-fold
symmetry of the hexagonal structure of the hBN.
The SAD pattern indicates that the hBN has a high
degree of crystallinity and that the structure of the
hBN is preserved during the blending of the Al
and the hBN powder by ultrasonication. Such a
spot pattern, instead of a ring pattern, indicates that
the hBN flakes contain randomly oriented domains
and that the hBN consists of randomly stacked few
layers of hBN assembled over one another. The
SAD pattern in Figure 11(h) shows sharp, incom-
plete concentric diffraction rings along with bright
diffraction spots, which correspond to the different
diffraction planes of polycrystalline FCC Al.

Figure 12(a) shows the XRD spectra of sin-
tered Al-hBN with different wt.% nanocomposites.
A low- intensity peak corresponding to the (002)
diffraction plane of hBN can be observed at the 2θ

value of ~32◦. The low intensity of the (002) peaks
of hBN is due to the low loading level of hBN
reinforcement in the Al matrix. The XRD spectra
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Fig. 12. (a) XRD of sintered pure Al and Al-hBN nanocomposites, (b) (002) peak of hBN, (c) (111) peak of Al

also show peaks corresponding to the (111), (002),
(022), and (113) diffraction planes of Al at 2θ val-
ues of 45.0◦, 52.4◦, 77.4◦, and 94.3◦. From Fig-
ure 12(b), it is evident that with the increased load-
ing level of the hBN nanofiller in the Al matrix,
there is an increase in the intensity of the (002)
peak of hBN. The highest intensity of the (002)
peak of hBN was seen in the case of Ah5 (Al-5
wt.% hBN) nanocomposite at 2θ value of ~31.16◦.

Figure 12(c) shows the shift in the Al(111) peak
in the various Al-hBN nanocomposites. A slightly
higher shift in the Al(111) peak could be seen to-
wards the higher 2θ values in the case of Al-1
wt.% hBN nanocomposite, as compared to the Al-
2, 3 and 5 wt.% hBN nanocomposites. The shift
in the Al(111) peak towards the higher 2θ val-
ues is due to the diffusion of small impurity atoms

like O (atomic radius = 0.06 nm), B (atomic ra-
dius = 0.085 nm), N (atomic radius = 0.065 nm),
and C (atomic radius = 0.07 nm) into the Al lat-
tice (atomic radius = 0.143 nm) at the high pro-
cessing temperature of 550◦C. The lower loading
level of the hBN nanofiller was found to be favor-
able for the diffusion of these impurity atoms with
small atomic radii into the Al lattice. The diffusion
of small impurity atoms was restricted by a higher
loading level of the hBN nanofiller in the Al-hBN
nanocomposites.

It should be noted that the wettability of hBN on
the surface of the Al particles can be significantly
impacted by this oxide layer. Al2O3 has a propen-
sity to attract and bind with water molecules, mak-
ing it a relatively hydrophilic substance. The hy-
drophobicity of hBN means that it has a propensity
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Fig. 13. Raman spectrum of (a) pure hBN powder and (b) sintered Al-hBN nanocomposites

Fig. 14. Optical micrographs of (a, b) pure Al, (c, d) Ah-1, (e, f) Ah-2, (g, h) Ah-3, and (i, j) Ah-5 nanocomposites

to resist water and other polar molecules, which can
make it challenging to create strong binding with
an Al surface that is covered by a layer of Al2O3.
Hydrophobic materials such as hBN may find the
surface of Al2O3 less favorable. Therefore, the ex-
istence of the Al2O3 layer may provide a barrier
that could prevent the adherence of hBN particles
to the Al surface, which could result in poor hBN
wettability on the Al surface. This can impair hBN
dispersion in the Al matrix and degrade the me-

chanical characteristics of the Al-hBN nanocom-
posites.

Figure 13 shows the Raman spectrum of
as-received pure hBN powder Al-3 wt.% hBN
nanocomposite. The Raman spectrum of the vari-
ous Al-hBN nanocomposites in Figure 13(b) shows
a sharp and intense peak at ~1370 cm−1 corre-
sponding to the in-plane E2g mode or the G-band
of the hBN [49]. The sharp and intense peak at
~1370 cm−1 in the Raman spectra of all the Al-
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Fig. 15. (a, c, e, g) SEM images and (b, d, f, h) Elemental mapping of Ah-1, Ah-2, Ah-3, and Ah-5 nanocomposites,
respectively

hBN nanocomposites suggests a highly crystalline
nature in the hBN nanofiller in the various Al-hBN
nanocomposites. Therefore, it can be concluded
that the structural integrity of the hBN nanofiller in-
corporated into the Al matrix is preserved, even af-
ter sintering at 550◦C for 2 h. It should be noted that
hBN has a high thermal stability of up to ~850◦C,
as is evident from the DSC/TGA plot in Figure 5.

Figure 14 shows the optical micrographs of
sintered pure Al sample and the various Al-hBN
nanocomposites. From the optical micrographs, it
is evident that up to the loading level of 3 wt.%
hBN in the Al matrix, the distribution of the hBN
in the Al matrix is uniform. The optical micro-
graphs revealed the grain refinement of the Al ma-
trix, which occurred due to uniform distribution
of the nanoreinforcement at lower loading levels.
This very effectively improved the mechanical and
tribological performances of the nanocomposites.
However, an increase in the loading level of the
hBN nanofiller in the Al matrix resulted in the ag-
glomeration of the nanofiller in the Al matrix. A
strengthening in the nanocomposites takes place
via the Orowan strengthening mechanism [50, 51].

Figure 15 shows the SEM images of the Ah1,
Ah2, Ah3, and Ah5 nanocomposites, along with
their elemental maps. The SEM images of the
nanocomposites in Figures 15(a, c, e, and g) show a
highly dense microstructure in the nanocomposites,
with no large pores visible. As the sintering was

done at 550◦C for 2 hours in Ar atmosphere, which
is very close to the melting point of Al (660.3◦C),
solid-state sintering had taken place. The SEM im-
ages clearly indicate good densification to have
taken place at this sintering temperature. The el-
emental maps clearly display the uniform disper-
sion of the hBN nanofiller in Al matrix up to the
loading level of 3 wt.% of hBN nanofiller in the
Al matrix. With the gradual increase in the load-
ing level of the hBN nanofiller in the Al matrix
an increase in the size of the hBN agglomerates at
the Al grain boundaries could be seen. Increasing
the hBN nanofiller content beyond 3 wt.% resulted
in the formation of hBN clusters in the Al matrix
[52, 53]. No interfacial product at the grain bound-
aries of the Al matrix and the hBN nanofiller could
be seen. From the elemental maps of Al, B, and
N in Figures 15(b, d, f, and h), it is evident that
the hBN nanofillers are mainly found at the grain
boundaries of the Al matrix. With the increase in
the loading level of the hBN, nanofiller agglomer-
ates of hBN can be seen at the grain boundaries
(Figure 15(h)).

The combined plot of relative density and the-
oretical density is presented in Figure 16(a). The
relative density of the pure Al sample was found to
be ~88.14%. Maximum densification was achieved
at a loading level of 3 wt.% of the hBN nanofiller
in the Al matrix. Among all the Al-hBN nanocom-
posites, the maximum relative density of ~94.11%
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Fig. 16. (a) Relative density and sintered density of sintered pure Al and various Al-hBN nanocomposites, (b)
Vickers hardness of the pure Al and various nanocomposites, and (c) Schematic diagram of the Orowan
bowing mechanism

was achieved in the case of the Al-3 wt.% hBN
nanocomposite. Further addition of hBN nanofiller
in the Al matrix resulted in lower relative density
of the Al-hBN nanocomposite. In the case of Al-5
wt.% hBN nanocomposite, the relative density was
found to be ~93.19%.

Figure 16(b) shows the variation in hardness of
the Al-hBN nanocomposites with the increase in
their hBN content. The plot shows that the hard-
ness of all the Al-hBN nanocomposites is higher
than the pure Al sample developed similarly. At
lower loading level, because of the uniform distri-
bution of nanofiller, interfacial distances between
the particles decrease, resulting in enhancement
in mechanical properties like hardness. The max-
imum hardness of ~450 MPa was achieved in the
case of Al-3 wt.% hBN (Ah-3) nanocomposite.
The hardness of the Ah3 nanocomposite is ~40%

higher than the pure Al sample (~322 MPa) de-
veloped under similar conditions. The addition of
hBN nanoreinforcement in the Al matrix is respon-
sible for the improvement in hardness because it
provides a strengthening effect within the Al ma-
trix. However, the addition of this nanoreinforce-
ment beyond 3 wt.% gradually decreased the hard-
ness of the nanocomposite due to the agglomer-
ation of hBN in the Al matrix at higher loading
levels. At lower loading levels of the nanorein-
forcement, the uniform distribution of nanorein-
forcement takes place, which reduces particle inter-
face lengths, resulting in the increase in mechan-
ical properties like strength and hardness of the
nanocomposites [54, 55].

The improvement in the hardness of the
nanocomposites is due to the Orowan strengthen-
ing mechanism. Orowan strengthening is caused
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Fig. 17. Optical micrographs of the (a) Ah1, (b) Ah2, (c) Ah3, and (d) Ah5 nanocomposites and grain size distri-
bution of Al

by the resistance of closely spaced hard particles
to the passing of dislocations and is very impor-
tant for Al-based nanocomposites. Figure 16(c) is
a schematic diagram explaining the Orowan mech-
anism [56, 57]. From Figure 17, it is evident that
the grain size of Al is minimal in the case of the
Ah3 nanocomposite. In this nanocomposite, the Al
was reinforced with 3 wt.% hBN, which resulted
in a uniform distribution of the nanofiller in the
Al matrix without the formation of any large-sized
agglomerates. Due to the uniform distribution of
the hBN nanofiller, no abnormal grain growth in
the Al matrix was seen. The uniform distribution
of the hBN nanofiller at the grain boundaries of
the Al matrix restricted the grain growth, result-
ing in more uniform fine-sized grains in the Al
matrix. This also led to higher relative density of
the Ah3 nanocomposite, and also better hardness,
wear properties and compressive strength in the

nanocomposites.
Figures 18(a–c) are HRTEM images of the Ah1

sample having a loading level of 1 wt.% hBN in
the Al matrix. Dislocations can be seen the Al ma-
trix, along with dark-colored regions at the Al grain
boundaries corresponding to the hBN nanofiller.
The hBN nanofillers are mainly found at the Al
grain boundaries. The SAD pattern in Figure 18(d)
shows sharp concentric rings corresponding to the
polycrystalline Al matrix. Similar HRTEM images
are also seen in Figures 18(e–g) of the Ah3 sam-
ple having a loading level of 3 wt.% hBN in the Al
matrix. In the HRTEM image in Figure 18(g), hBN
can be clearly seen agglomerated at the Al grain
boundary. The SAD pattern in Figure 18(h) shows
bright spots corresponding to the hBN nanofiller.
Dislocations can also be seen in the Al matrix in the
HRTEM images in Figures 18(e–g). The dark spots
in the Al grains are Al2O3 nanoparticles formed
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Fig. 18. (a–c) HRTEM micrographs, and (d) SAD pattern of Ah1 nanocomposite, (e-g) HRTEM micrographs, and
(h) SAD pattern of Ah3 nanocomposite

due to the oxidation of the Al during sintering. Al-
though sintering was done in Ar atmosphere, Al
was oxidized due to the residual oxygen in the Ar
gas. The oxidation the Al matrix was also con-
firmed by XRD analysis (Figure 12).

The influence of the addition of hBN nanore-
inforcement on the wear behavior of the Al-hBN
nanocomposites was also analyzed. A dry-sliding
wear test was conducted on the sintered pure Al
and all the Al-hBN nanocomposites using a ball-
on-plate tribometer. Wear depth against time and
wear rate and mass loss against time of the Al-hBN
nanocomposites are plotted in Figures 19(a, b), re-
spectively.

From Figure 19(b), it is evident that the wear
rates of all the Al-hBN nanocomposites was lower
than that of the pure Al sample developed in similar
conditions. The reduced wear rate of the nanocom-
posites can be attributed to the lubricating effect of
the hBN nanofiller [58, 59]. The wear results show
that as the hBN content was increased from 1 wt.%
to 3 wt.% in the Al matrix, the wear resistance of
the Al-hBN nanocomposites also showed a gradual
increase (Figure 19(b)). Beyond the 3 wt.% loading
level of the nanofiller, the wear resistance of the

Al-hBN nanocomposites showed a decrease. This
trend in the variation of the wear behavior of the
nanocomposites was very similar to the trend in
the variation of the hardness of the nanocompos-
ites. This is due to the uniform distribution of the
hBN nanofiller within the Al matrix at lower load-
ing levels of the nanofiller. As the loading level of
the nanofiller in the Al matrix was increased be-
yond 3 wt.%, it resulted in the agglomeration of the
nanofiller, which adversely affected the wear prop-
erties of the nanocomposites [60, 61].

A continuous improvement in the tribological
properties of the Al-hBN nanocomposites was seen
with the addition of up to 3 wt.% of hBN in the Al
matrix. The larger size of the hBN agglomerates
deteriorated the wear resistance of the nanocom-
posites, and hence during the wear test we see a
large amount of wear debris on the wear track,
which has been pulled out from the wear track. Ag-
glomeration of the nanofiller in the Al matrix was
found to affect the relative density, hardness, and
wear properties of the nanocomposites. Pull-out of
particles was seen in the SEM image of the wear
track of the Ah5 sample in Figures 20(i, j).

From the SEM images of the wear tracks of the
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Fig. 19. Variation of (a) wear depth and (b) wear rate and mass loss of sintered pure Al and various Al-hBN
nanocomposites

Fig. 20. SEM images of the wear tracks of sintered pure Al and various Al-hBN nanocomposites

sintered pure Al sample and the various Al-hBN
nanocomposites in Figure 20, it is evident that the
width of the wear track decreases up to the addi-
tion of 3 wt.% hBN nanofiller in the Al matrix. The
width of the wear track is lowest in the case of the
Ah3 nanocomposite, having been found to be ~1.19
mm. The wear track of the Ah3 samples was found
to show the least number of cracks and delamina-
tions.

Figure 19(a) also shows that the Ah3 sample
had the least wear depth and provided the highest
wear resistance. Figure 19(b) also confirms that the
Ah3 sample showed the least wear rate as well as
mass loss during the wear test. Uniform dispersion
of the hBN nanofiller in the Al matrix results in
significant improvement in the wear resistance on
the Al-hBN nanocomposites. Deep grooves can be

seen in the wear track of the Ah2 sample in Fig-
ures 20(e, f). Cracks and delaminations can be seen
in the SEM image of the wear track of the pure Al
sample in Figures 20(a, b). Ploughing and delami-
nations can be seen in the SEM image of the wear
track of the Ah1 sample in Figures 20(c, d). Due
to the pull-out of the particles, wear debris can also
be seen in the wear track of the Ah5 sample in Fig-
ures 20(i, j).

The compression test is a highly effective me-
chanical test that is done to understand a material’s
response under continuous applied load. In a com-
pression test, a compressive load is applied apply-
ing a uniaxial force on a stationary sample. After
measuring the initial gauge dimension of the sam-
ple specimen, the flat sample is placed at the cen-
ter between the upper and lower anvils. The test
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Fig. 21. (a) σ -ε curves of pure Al and the various hBN reinforced nanocomposites, (b) comparison of compressive
strength (σmax) and strain to failure (ε f )

Table 1. A comparative analysis of the properties of the Al-hBN nanocomposites achieved in the present study
and by other researchers

Composition Hardness (MPa) Relative
Density

(%)

Sintered
Density
(g/cc)

Wear rate
(mm3/m)

Method References

Al-3 wt.% hBN 450 94.11 2.52 2.048 (at
15N load)

PM route and
conventional

sintering

Present
Study

Al-3 wt.% hBN 108 HV0.2 for BN
micro particle

(BNMP) and 103
HV0.2 for BN

nanoparticle (BNNP)

>97 2.675 PM route and
spark plasma

sintering (SPS)

[16]

Al-3, 6, 9, 12, 15
wt.% hBN

418.3 (for 12 wt.%
hBN)

– 2.975 (for 3
wt.% hBN)

– PM route [18]

AA2024-7.5
wt.% hBN

1078 – – 0.002 (at
10N load)

PM route [19]

AA7150-hBN 1767
(for 1.5 wt.% hBN)

99.82 2.81
(for 1.5 wt.%

hBN)

– Ultrasonic
vibration assisted

double stir
casting process

[65]

is stopped when a crack is initiated on the sam-
ple. The data obtained from the Universal Test-
ing Machine (UTM) was used to plot the force-
displacement curves of the various samples using a
computer. The obtained data was converted to σ -ε
data, and from the σ -ε profile the modulus (E), ulti-
mate compressive stress (σmax), and strain to failure
(ε f ) were determined. Against the applied load in a
single axis, the sample underwent a change in the

axial and transverse direction and instant change in
size was continuously recorded and plotted in the
σ -ε profile.

The compressive tests were carried out using an
Instron 8862 UTM with a loading capacity of up
to 100 kN. After placing the sample between the
compression anvils, the load was increased gradu-
ally at a constant strain rate of 0.5 mm/min. Fig-
ure 21(a) shows the σ -ε plot of the conventionally
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Fig. 22. ODF maps (at constant φ2 = 0◦) of (a) sintered pure Al, (b) Al-1 wt.% hBN, (c) Al-2 wt.% hBN, (d) Al-3
wt.% hBN composites, and (e) Al-5 wt.% hBN nanocomposite

sintered pure Al sample and the various Al-hBN
nanocomposites. The compression tests were car-
ried out until the initiation of a crack in the sam-
ples [62, 63]. From the σ -ε plots the maximum
compressive strength (σmax) and the strain to fail-
ure (ε f ) of the samples were determined. The Ah3
sample showed the highest compressive strength
(σmax) of ~999.02 MPa, while the lowest compres-
sive strength (σmax) was observed in the case of the
pure Al (Ah0) sample (~472.82 MPa). The high-
est strain to failure (ε f ) was observed in the case
of Ah2 nanocomposite (~95.71%) and the low-
est strain to failure (ε f ) was observed in the case
of Ah5 (80.35). More precisely, the compressive
strength (σmax) of the Ah3 sample was more than
twice that of the pure Al sample (Ah0), and a de-
crease in its strain to failure (ε f ) of ~1.6% was also
observed compared to the pure Al (Ah0) sample

developed similarly. Therefore, an increase in the
compressive strength of the Ah3 sample was ac-
companied by a reduction in its ductility as com-
pared to the pure Al sample.

The decrease in the σmax value of the Ah5
sample can be attributed to the agglomeration of
the hBN nanoreinforcement when its loading level
was increased beyond 3 wt.%. Agglomerates of
the hBN nanofiller were seen in the SEM micro-
graph of the Ah5 sample in Figure 15(g) and its el-
emental map in Figure 15(h). Agglomeration of the
nanofiller in the Al matrix resulted in the degrada-
tion of the compressive strength of the nanocom-
posites. Nonuniform densification of the fabricated
samples was observed in the case of the Al-hBN
nanocomposites having higher weight fraction of
hBN [64]. Apart from the compressive strength ag-
glomeration of hBN, nanofiller also diminished the
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relative density, hardness, and wear properties of
the nanocomposites.

Figure 22 shows the orientation distribution
function (ODF) developed at constant ϕ2 = 0◦ for
pure Al and Al-hBN nanocomposites developed by
conventional sintering as a function of loading level
of the hBN reinforcement. It was observed that the
<011> fiber is the dominant fiber in the pure Al
sample [66, 67], and that the <011> fiber had been
strengthened after addition of the hBN nanorein-
forcement in the Al matrix. A dominant <011>
fiber texture was observed for the pure Al, as well
as all the various Al-hBN nanocomposites. The
maximum intensities of the <011> fiber in pure
Al and Al-1, 2, 3, and 5 wt.% hBN were 2.64, 2.56,
2.50, 2.61, and 3.33, respectively. It can be seen
that there have not been many changes in the in-
tensity of the <011> fiber with the addition of the
hBN. Only a slight increase in the <011> fiber vol-
ume fraction was observed up to the addition of 5
wt.% of hBN in the Al matrix. The Al-5 wt.% hBN
showed the highest intensity of the <011> fiber.

This variation in the texture can be correlated
with trends in other mechanical proprieties ob-
served in Al-hBN nanocomposites. There has been
a significant effect on the hardness and wear of the
Al-hBN nanocomposites due to the addition of the
hBN nanofiller in the Al matrix, and the highest
hardness and wear has been observed in the case
of Al-3 wt.% hBN nanocomposite. A homogenous
distribution of the nanofiller in the Al matrix re-
sulted in significant improvement of the hardness
as well as the wear properties. However, increasing
the hBN loading level beyond 3 wt.% resulted in
the deterioration of the mechanical and wear prop-
erties of the Al-hBN nanocomposites due to ag-
glomeration of the hBN nanofiller in the Al matrix.
From texture analysis, it has been justified that a
random texture with <011> fibers is present in the
nanocomposites.

4. Conclusions
Hexagonal boron nitride (hBN) powder was

milled in a planetary ball mill at 300 rpm for up
to 30 hours. The objective of the present research
work was to find out the effect of milling time on

the structure and morphology of the hBN. The as-
received pristine hBN was then added to the Al
matrix to develop Al-1, 2, 3, and 5 wt.% hBN
nanocomposites by powder metallurgy (PM). The
following conclusions were drawn from the present
work.

1. The crystallite size of hBN after 20 hours of
milling was calculated using the Voigt’s for-
mula and was found to be 18 nm. The nanos-
tructured nature of the 20-hour-milled hBN
was also confirmed by the HRTEM analysis.

2. Milling resulted in the exfoliation of the
hBN platelets, and the 20-hour-milled hBN
powder showed few layers of hBN stacked
together. The hBN layers were electron
transparent, and a few hBN films with
folded edges could also be seen in the
HRTEM images.

3. Among the various Al-hBN nanocompos-
ites developed by PM route, Al-3 wt.% hBN
nanocomposite showed the highest relative
density. The Al-3 wt.% hBN nanocomposite
also showed the highest hardness (450 MPa)
and wear resistance. A 40% improvement in
hardness as compared to pure Al sample de-
veloped similarly was observed in the case
of the Al-3 wt.% hBN nanocomposite. The
Al-3 wt.% hBN nanocomposite also showed
the highest compressive strength of of ~999
MPa. The addition of hBN beyond 3 wt.%
in the Al matrix resulted in deterioration
of densification of the nanocomposites and
also lower hardness and poorer wear resis-
tance in the nanocomposite. Al-3 wt.% hBN
nanocomposite (Ah3) exhibited the maxi-
mum relative density of 94.11% among all
the Al-hBN nanocomposites and the pure
Al sample that was developed similarly. The
loading level of 3 wt.% hBN was found to be
the optimum loading level of the nanofiller,
which resulted in the best physical and me-
chanical properties of the Al-hBN nanocom-
posite.

4. Proper dispersion of the hBN nanofiller in
the Al metal matrix, which was achieved
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at lower loading levels of up to 3 wt.% in
the hBN nanofiller,was highly effective in
enhancing the mechanical properties of the
Al-hBN nanocomposites. A continuous in-
crease in relative density, hardness and wear
resistance was observed up to the loading
level of 3 wt.% of hBN. Addition of hBN
larger than this amount in the Al matrix re-
sulted in the agglomeration of the nanofiller
in the Al matrix, which resulted in deteriora-
tion of the relative density hardness and the
wear properties of the nanocomposite.
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