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Aluminium (Al) has low strength, limiting its applicability for certain technical applications seeking 
higher mechanical strength and deformation resistance. Integration of ternary hybrid reinforcement in 
Al offers a compelling opportunity to achieve a synergistic combination of multiple desirable properties 
opening new avenues for advanced engineering applications beyond what can be achieved with mono 
or binary reinforcement systems. Here, Al-based nanocomposites were developed by incorporating a 
ternary hybrid reinforcement system, consisting of graphite nanoplatelets (GnP), hBN and MWCNT. 
Al-1 wt.% GnP0.3CNT0.3hBN0.4, Al-2 wt.% GnP0.3CNT0.3hBN1.4, Al-3 wt.% GnP0.3CNT0.3hBN2.4, and 
Al-5 wt.% GnP0.3CNT0.3hBN4.4 nanocomposites were developed by powder metallurgy (PM) route. 
The results indicate that the Al-1 wt.% GnP0.3MWCNT0.3hBN0.4 hybrid nanocomposite exhibits the 
highest wear resistance. Among the hBN-based nanocomposites, Al-3 wt.% hBN nanocomposite 
exhibited the best wear properties. Increasing the hBN loading level in the CNT-GnP-hBN ternary 
nanofiller system beyond 0.4 wt.% resulted in a deterioration of physical, mechanical and wear 
properties. Al-1 wt.% CNT0.3GnP0.3hBN0.4 hybrid nanocomposite had the highest relative density and 
hardness of ∼92.56% of ∼415.91 MPa respectively. The compressive strength (σmax) of Al-1 wt.% 
CNT0.3GnP0.3hBN0.4 hybrid nanocomposite was ∼874.77 MPa, while the σmax rapidly declined in the 
nanocomposites with the increased content of the CNT-GnP-hBN hybrid nanofiller.

Keywords: Al-based nanocomposites, powder metallurgy (PM), hexagonal boron nitride (hBN), 
graphite nanoplatelets (GnP), multiwalled carbon nanotubes (MWCNT), hardness, wear.

1. Introduction
Al and its alloys play a vital role in a wide range of 

industries like automotive and aerospace. Although Al 
and its alloys have extraordinary characteristics like high 
strength to weight ratio, toughness and fatigue resistance 
its mechanical properties like hardness, strength and wear 
resistance are still very low as compared to other metals 
and alloys. Nowadays automotive and aerospace industries 
need lightweight, strong and low-cost materials. The major 
objective for selecting such materials is to get better strength 
to weight ratio which consumes less energy. In order to 
achieve these properties hybrid composites, come to play. 
The hybrid composite contains two or more reinforcements 
with different shapes, sizes and properties which can provide 
better mechanical and tribological properties than single 
reinforcement composites. Al-matrix nanocomposites 
(AMnCs) refer to the category of high-performance lightweight 
Al-based material systems. For aerospace, automobile and 
industrial purpose SiC, B4C, Al2O3, TiC have been widely 
used as reinforcement1-3. In order to get a low-cost Al metal 
matrix with some extraordinary thermo-mechanical properties 
researchers have chosen to add hybrid nanoreinforcements 
in the Al matrix. In the 1D category generally, multiwalled 
or single-walled carbon nanotubes have been used, in the 

2D category graphene and hexagonal boron nitride (hBN) 
have been used. The reason for using these materials as 
reinforcement is to offer high fracture toughness, high 
strength, high thermal conductivity, superior wear resistance 
and good fatigue resistance. For the last several years 
carbon-based reinforcements having 1D and 2D structures 
have fascinated researchers. In the 1D category, single 
walled carbon nanotubes (SWCNT) and multiwalled 
carbon nanotubes (MWCNT) make an immense effect as 
reinforcement because of their extraordinary mechanical 
and physical properties. The Young’s modulus of MWCNT 
lies in the range of ∼1.7-2.4 TPa and its theoretical 
specific surface area lies in the range of ∼400-70 m2/g. 
The thermal conductivity of MWCNTs is ∼2586 W/mK4,5 
and their electrical conductivity is 49.49 S/cm. In recent 
years 2D atomic-level thickness crystal materials like 
graphene and hBN have attracted widespread interest. Both 
these 2D materials have a lot of excellent characteristics 
such as high specific area and high Young’s modulus. 2D 
hBN has gained tremendous attention due to its profound 
mechanical strength, remarkable oxidation resistance and 
unique atom-thick structure. hBN is a layered material with 
a honeycomb structure analogous to that of graphene. Within 
each layer, it is composed of alternating B and N atoms 
that are arranged in sp2 bonded network. The bond length *e-mail: nasimulalam@yahoo.com
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between B and N atoms in hBN is 1.44 Å, whereas the bond 
length between C atoms in graphene is 1.42 Å. hBN has a 
lattice constant of 2.50 Å which is very similar to that of 
graphene (2.46 Å). Within each hBN layer the atoms of B 
and N are held together by strong covalent bonds, while the 
layers are held together by relatively weak van der Waals 
forces and the interplanar distance is 3.33 Å as shown in 
Figure 16. Monolayer graphene and hBN a lattice mismatch 
of only about 1.5%. hBN is an insulating 2D material 
with a large bandgap (∼6.08 eV). The elastic modulus of 
hBN was evaluated to be 0.8 TPa and its tensile strength 
was found to be 100 GPa which is comparable to that of 
graphene. In recent years, hBN has been widely used in 
many fields such as electronic devices, pollutant adsorption, 
composite materials and lubricity7,8. Graphene has a very 
stable honeycomb structure and the length of the C-C bond 
is 1.42 Å and the interplanar distance between two layers 
is 3.35Å. The C atoms are sp2 hybridized and a single C 
atom is surrounded by three neighbouring C atoms which 
are bonded by a strong σ bond. Graphene is the thinnest and 
hardest material ever produced by scientists. It has a tensile 
strength of 125 GPa and elastic modulus of 1.1 TPa and 
a 2D ultimate plane strength of 42 N/m2. It has a thermal 
conductivity of 5.5×103 W/m.°K and carrier mobility of 
2×105 cm2/V.s9-11. The specific surface area of graphene is 
2630 m2/g. Due to these extraordinary properties graphene 
has been widely used as thermal conductivity materials, 
energy storage materials, construction materials, and for 
developing nanoelectronic devices. Due to their superior 
mechanical properties both graphene and hBN are highly 
suitable for use as a nanofillers in nanocomposites12-14.

One the major drawbacks of Al and its alloys is 
its poor tribological characteristics, high coefficient of 
thermal expansion, low elastic modulus and strength. To 
enhance these properties different nanofillers have been 
incorporated into Al and its alloys15-18. Research in the area 
of nanocomposites is evolving towards using combinations 
of different nanofillers in order to achieve superior properties 
in the nanocomposites19. Several researchers have focused 
on the use of ceramic material as a reinforcing agent due 
to its superior mechanical and tribological properties. The 
impact of sintering processes (conventional, CS, and electric 
resistance, ERS) and SiC content (1, 3, and 5 wt.%) on the 
microstructural, mechanical, and tribological properties of 
Al-SiC composites were investigated by Shaikh  et  al.20. 
According to the data, using SiC enhanced the hardness, 
wear resistance, and coefficient of friction (COF). 

In particular, the addition of 5% SiC improved CS sintering 
hardness by 32% and ERS sintering hardness by 30%. 
Similarly, wear resistance improved by 37% for CS and 40% 
for ERS, while COF improved by 3% for CS (with 3 wt.% SiC) 
and 6% for ERS (with 5 wt.% SiC) compared to pure 
Al. Furthermore, ERS-processed composites showed 
enhanced densification, hardness (12-14%), and tribological 
behaviour, with wear resistance improvements of 36-39% 
and COF increases of 7-15% for SiC content ranging from 
1 to 5 wt.%. Wear processes found in Al-SiC composites 
included abrasion, adhesion, and delamination, with ERS 
composites showing less adhesive wear. Liu et al.21 studied 
the effects of reduced graphene oxide (rGO) and graphene 
nanosheets (GNS) content on the characteristics of AMCs. 
At a maximum pressure of 560 MPa, the density achieved 
was 88.5% of the pore-free density, showing satisfactory 
compaction. The composites improved significantly in 
hardness, indicating the possibility of mass manufacture of 
components using this technology. However, more research 
is required to properly investigate the increases in strength 
and conductivity of these composites. The results showed 
that GNS reinforcement increased hardness more than rGO 
reinforcement, indicating that closeness to GNS boosted 
the reinforcing effect. For typical applications, graphene 
nanoparticle-reinforced AMCs have the potential to provide 
higher strength-to-weight ratios. However, there are still 
problems to overcome, such as producing effective and 
uniform dispersion, limiting undesired oxide formation during 
powder metallurgy, and optimizing cold compaction pressures. 
Moreover, Shaikh et al.22 investigated the microstructural, 
mechanical, and tribological properties of Al-based composites 
reinforced with rice husk ash (RHA) at different weight 
percentages (5, 10, and 15% wt.%). The composites are 
made using powder metallurgy (PM), which allows for the 
use of RHA, an agricultural waste, while also increasing 
the mechanical and wear characteristics of the composites. 
The inclusion of RHA resulted in a 20% to 25% increase 
in hardness and a 15% to 40% increase in wear behaviour. 
Based on micrographic images of worn surfaces and wear 
detritus, the wear mechanism is explored. Furthermore, an 
artificial neural network (ANN) model is suggested to predict 
the wear behaviour of the composite, and the experimental 
findings are compared with the expected outcomes, indicating 
the efficacy of a well-trained ANN model in predicting 
tribological behaviour. Here, in the present work a hybrid 
nanofiller consisting of 1D MWCNT and 2D GnP and hBN 
producing a 3D CNT-GnP-hBN hybrid nanofiller has been used. 

Figure 1. Structure of hBN6.
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The effectiveness of the ternary hybrid nanofiller in 
improving the mechanical properties and wear behaviour 
of the Al-based nanocomposites has been investigated. The 
hybrid structure developed by blending the three nanofillers 
could not only provide the properties of the carbonaceous 
nanofillers, MWCNT and GnP, but also of hBN which has 
a structure similar to that of GnP. Although MWCNT, GnP 
and hBN are highly preferable nanoreinforcements in the Al 
matrix there are possibilities of formation of intermetallics 
between the Al matrix and the nanoreinforcements. These 
intermetallics are highly detrimental to the mechanical 
properties of the nanocomposites as they are very brittle. 
Aluminium carbide (Al4C3) can form at the interface of the 
Al matrix with the carbonaceous nanofillers like MWCNT 
and the GnP. Aluminium diboride (AlB2) and aluminium 
nitride (AlN) can form by the reaction of the Al matrix with 
the B and N atoms respectively in the hBN. Figure 2 shows 
the binary phase diagrams of Al-C23, Al-B24 and Al-N25 
systems. Structural damage and defects in nanofillers can 
trigger interfacial reaction between the Al matrix and the 
nanofillers that lead to the formation of intermetallic phase26.

The development of Al-based nanocomposites using a 
ternary hybrid reinforcement comprising of CNT, GNP and 
hBN to enhance the mechanical and wear properties of the 
nanocomposites is a novel area of research that has not been 
focused on previously. The innovative combination of these three 
different nanofillers each having unique properties can create 
a synergistic effect that can lead to significant improvement 
in the performance of the Al-based nanocomposites. The 
results of this research work can clearly show the effect of 
ternary hybrid nanofiller that is composed of 1D CNT and 2D 
GnP and hBN and the optimum composition of the ternary 
hybrid nanofiller and the manufacturing parameters in order 
to achieve the best properties in the nanocomposites. Al-based 
nanocomposites reinforced with ternary hybrid nanofiller 
comprising of CNT, GnP and hBN with varying weight 
fractions have been chosen to investigate the effect of these 
trenary hybrid nanofillers on the properties of the Al-based 
nanocomposites. This investigation helps to understand the 
role of hBN as a nanofiller when added in combination with 
carbonaceous nanofillers like CNT and GnP in enhancing the 
mechanical properties of the Al-based nanocomposites. The 
ternary hybrid reinforcement strategy aims to leverage the 
unique properties of each nanofiller, resulting in enhanced 
overall performance of the nanocomposites. Al-1wt.% 
CNT0.3GnP0.3hBN0.4, Al-2 wt.% CNT0.3GnP0.3hBN1.4, Al-3wt.% 
CNT0.3GnP0.3hBN2.4, and Al-5 wt.% CNT0.3GnP0.3hBN4.4 

nanocomposites have been developed along with pure 
Al samples under similar conditions. The results can provide 
valuable insights into the optimal composition for achieving 
the desired mechanical, thermal, and tribological properties 
for specific applications.

Here, in the present study, Al-1 wt.% GnP0.3CNT0.3hBN0.4, 
Al-2 wt.% GnP0.3CNT0.3hBN1.4, Al-3 wt.% GnP0.3CNT0.3hBN2.4 
and Al-5 wt.% GnP0.3CNT0.3hBN4.4 nanocomposites have 
been developed by powder metallurgy (PM) route. The 
morphology of the nanofillers as well as the microstructure 
of the sintered pure Al sample and the various Al-based 
nanocomposites was analysed using various analytical 
techniques. The relative density, hardness, tribological 
behaviour and compressive strength of the Al-based 
nanocomposites were determined and compared with the 
properties of the sintered pure Al sample developed similarly.

2. Experimental Details
Initially graphite nanoplatelets (GnP) were synthesized 

from natural flake graphite (NFG) by thermal exfoliation 
of the graphite intercalation compound (GIC). NFG was 
procured from Loba Chemie, India, having mesh size of 
60 mesh and 98% purity. The GIC was synthesized by the 
intercalation of the NFG using concentrated sulphuric acid 
(H2SO4) along with hydrogen peroxide (H2O2). The GIC has 
been prepared at room temperature by mixing 6 g of NFG 
with 16 ml of concentrated H2SO4 (98%) and 1.5 ml of H2O2 
(30%). The H2SO4 and the H2O2 were procured from Merck 
India. The GIC was obtained by 4 h of magnetic stirring 
of the foamy -Gr-H2SO4-Gr-H2SO4-Gr- compound. Later, 
the mixture was filtered 5-7 times with distilled water to 
remove the extra acids and achieve a GIC having a neutral 
pH followed by overnight heating of the precipitate in an 
oven at 80oC. In order to exfoliate it further and to obtain 
the thermally exfoliated graphite nanoplatelets (Th.ex.GnP) 
the GIC was then subjected to a thermal shock at 1000oC for 
30 seconds in a muffle furnace to remove the intercalated 
acids. The Th.ex.GnP was further ultrasonicated for 20 h 
to get exfoliated graphite nanoplatelets (GnP). hBN having 
particle size of ∼5 μm was procured from Oxford Lab 
Fine Chem LLP, India. In order to exfoliate the as-received 
hBN it was milled for 20 h. Acid-functionalized MWCNT 
having purity > 98% was procured from Platonic Nanotech, 
India. The CNT-GnP-hBN ternary hybrid nanofillers were 
synthesized by ultrasonicating MWCNT, GnP and hBN in 
proper weight fraction for 2 h in acetone medium. The ternary 

Figure 2. (a) Al-C, (b) Al-B and (c) Al-N binary phase diagrams.
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hybrid nanofiller were later blended with the Al powder in 
proper weight fraction by ultrasonication. Ultrasonication 
of all samples was done for 2 h in acetone medium in 
the proportion 1:50, i.e. for 1 gm of the powder 50 ml 
acetone were taken. A high-intensity 1000 W ultrasonicator 
(Oscar Ultrasonics Pvt Ltd., model: Sonapros PR 1000 MP) 
equipped with a solid-state ultrasonic generator generating 
ultrasound in the frequency range of 2 ± 3 KHz and having 
a horn diameter of 12 mm was used. Acetone ((CH3)2CO) 
acts as a process cooling agent and it does not react with 
the solute particles and provides a uniform dispersion of the 
nanofiller. The various Al-CNT-GnP-hBN blended powders 
were compacted in a uniaxial compaction machine under a 
load of ∼550 MPa for a holding time of 5 minutes to obtain 
green compacts having a diameter of 10 mm and thickness 
of 3-4 mm which were then sintered in a tubular furnace 
manufactured by Bysakh & Co, India at 550oC for 2 h in 
Ar atmosphere. The maximum attainable temperature of 
the furnace was 1700oC. Figure 3 shows the various steps 
involved in the development of the nanocomposites. Table 1 
gives the composition of the various Al-CNT-GnP-hBN 
nanocomposites.

The various powder samples as well as the sintered 
samples were analysed by a D8 Bruker x-ray diffractometer 
using Co Kα radiation (λ = 1.79026 Å). The XRD analysis 
was done at 10o/minute using a step size of 0.02 and in the 
2θ range of 20-110o. The microstructural analysis of the 

pure Al and the various Al-based nanocomposites were 
carried out using a Zeiss Axio Scope A1 optical microscope. 
A JEOL JSM-6480LV scanning electron microscope (SEM) 
and a ZEISS SUPRA 55 field emission electron microscope 
(FESEM) were used to analyze the surface morphology of 
the various powder samples as well as the microstructure of 
the sintered samples. The SEM was equipped with an energy 
dispersive x-ray spectroscope (EDXS) for the elemental 
analysis of the samples. The morphology of the various 
nanofiller powders were also analysed by using a FEI Tecnai 
F30 G2 S-TWIN high resolution transmission electron 
microscope (HRTEM) having a field emission gun (FEG). 
The operating voltage was 300 kV. The powder samples 
for HRTEM were made by sonicating them in acetone for 
five minutes and then applying a few drops with a glass 
pipette over a Cu grid with holes covered in carbon. Solid 
sintered samples were initially polished in a coarse emery 
paper till the thickness was below 100 µm for TEM sample 
preparation. Next, a disc punch is used to cut a 3-mm disc. 
Diamond paste is used to further polish this disc in a dimple 
grinder until the thickness is 20 ± 5 µm. The ground sample 
is then placed in an ion miller, where two ion guns alternately 
blast the sample with ions at 4 kV. The milling is halted, the 
samples are cleaned with acetone, and they are prepared for 
HRTEM analysis once a tiny hole has been made, ideally in 
the center of the sample. The density of the various sintered 
samples was determined using the Archimedes’ principle. 

Figure 3. Schematic diagram showing the steps involved in the development of nanocomposites.

Table 1. Al-based hybrid nanocomposites.

Sample Name
Sample Composition

wt. % of Al wt. % of CNT wt. % of GnP wt. % of hBN

A99M0.3G0.3H0.4 99 0.3 0.3 0.4

A98M0.3G0.3H1.4 98 0.3 0.3 1.4

A97M0.3G0.3H2.4 97 0.3 0.3 2.4

A95M0.3G0.3H4.4 95 0.3 0.3 4.4
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A Contech (model - CB-300) density measuring kit was used to 
determine the density of the sintered samples. Three different 
weights, namely, dry weight (Wdry), dipped weight (Wliquid) 
and soaked weight (Wsoaked) were measured to calculate the 
density of the samples. The samples were dipped in distilled 
water (ρ = 1.0 gm/cc). The hardness of the polished sintered 
samples was determined using a Leco Micro Hardness Tester 
LM248AT. Vickers microhardness testing was done under a 
load of 10 gf for a dwell time of 10 seconds. The Raman spectra 
were acquired in the range of 500-3500 cm-1 using a WITec 
Model-XMB3000 PL micro Raman spectrometer equipped 
with a WITec Alpha300 Confocal Raman microscope using an 
Ar+ polarized green laser having a wavelength of 532 nm was 
used. The Fourier transform infrared spectroscopy (FTIR) was 
recorded on a Bruker, Alpha E model spectrophotometer in the 
wavenumber range of 500-4000 cm-1 using KBr as the mulling 
agent. The resolution of the infrared rays was maintained at 
4 cm-1. The sample scanning as well as background scanning 
was done 24 times. Differential Scanning Colorimetry (DSC) 
and thermogravimetric analysis (TGA) were carried out in a 
Netzsch STA 409C Simultaneous Thermal Analyzer (STA) in 
Ar atmosphere using Pt crucibles in the range of 25-1200oC at 
a heating rate of 10oC/min. X-ray photoemission spectroscopy 
(XPS) was conducted using a PHI 5000 Versa Probe III Scanning 
XPS Microprobe. Al Kα was used as the x-ray source which 
provided photons with 1486.6 eV energy. XPS photoemission 
spectra were taken using a pass energy of 55 eV. A ball-on-plate 
dry sliding wear tester (Ducom, India, model: TR 208 M1), the 
wear properties of the different sintered samples, including wear 
depth, wear loss, and wear rate, were determined. Keeping the 
ambient conditions constant (T 298 K, humidity of 40–60%), 
a hardened steel ball (SAE 52,100; 2 mm) was used to conduct 
the wear test and engrave wear tracks across the sintered samples 
at 15N load and at a speed of 20 rpm for 10 min. Compression 
tests were done to evaluate static compressive strength of the 
nanocomposites. The samples were prepared as per ASTM 
E9 standard for short specimen by maintaining a h/d ratio 
for the samples between 0.8 and 0.9. The compressive tests 
were carried out using Instorn 8862 universal testing machine 
(UTM) having a load capacity of upto 100 kN at a strain rate of 
0.5 mm/min. The test was stopped when a crack was initiated 
in the sample. The obtained data was converted to σ-ε data 
and plotted to calculate the maximum compressive strength 
(σmax) and strain to failure (εf).

3. Results and Discussion
Figure 4a shows the XRD spectra of the as-received natural 

flake graphite (NFG), the graphite intercalation compound 
(GIC), the thermally exfoliated graphite (Th. GIC) obtained 
after the GIC is given a thermal shock at 1000°C for 30 seconds 
and the GnP obtained by ultrasonication of the thermally 
exfoliated graphite for 20 h. Among the various peaks the 
most intense (002) peak was found at 2θ = 30.95° for the GnP 
sample and the interplanar spacing (d002) determined using 
the Bragg’s law (λ = 2d002Sinθ) was found to be 3.35 Ǻ27,28. 
However, by comparing the intensities of the (002) peaks in 
the XRD plots in Figure 4b it is evident that the intensity of 
the (002) peak is lowest in the case of GnP clearly indicating 
the lower number of graphene layers stacked together in the 
GnP which confirms the successful exfoliation of the NFG 
to obtain GnP. A slight shift in the (002) peak position in the 
XRD spectrum of GIC could be seen due to the attachment 
of the functional groups to the graphene layers during the 
synthesis of the GIC. Figure 5 shows the SEM images of the 
GnP that were used to synthesize the CNT-GnP-hBN ternary 
hybrid nanofiller which was later incorporated in the Al matrix 
as a reinforcement. The SEM images clearly indicate that 
the GnP have irregular and sharp edges and have a lateral 
dimension in the range of ∼0.15-0.4 μm. Figure 6a-6d are 
the HRTEM images of the GnP and they clearly show that 
the GnP have a flaky morphology and have multiple layers 
of graphene stacked together. Few agglomerates of GnP and 
GnP having wrinkled edges as well as folding of the GnP 
edges could be seen. The HRTEM images in Figure 6b-6c 
show curved and corrugated edges of the GnP. The HRTEM 
images also indicate that the GnP are electron transparent 
and are found to be extremely stable under the exposure 
of the electron beam29,30. The SAED pattern in Figure 6e 
shows sharp concentric diffraction rings along with bright 
spots clearly indicating the nanocrystalline naure of the GnP.

Figure 7a shows the Raman spectroscopy of GnP in range 
of 40-4000 cm-1 obtained using an Ar+ polarized green laser 
having a wavelength of 532 nm. The G-band is the main spectral 
feature of graphene and appears at ∼1580 cm-1 whereas the 
D-band can be seen at ∼1345 cm-1. The G-band is a primary 
in-plane vibrational mode and the D-band, also known as the 
disorder band, occurs due to the lattice motion away from 
the middle of the Brillouin zone. The D-band can be used 
to characterize graphene-based materials with defects31,32. 

Figure 4. (a) XRD of NFG, GIC, thermally exfolaited graphite and GnP (b) (002) peak of of NFG, GIC, thermally exfolaited graphite and GnP.
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The 2D-band at ∼2690 cm-1 is a second order overtone of 
a different in-plane vibration. FTIR analysis was done in 
order to determine the functional groups attached to the 
GnP. Figure 7b is the FTIR spectrum of the GnP. The broad 
peak at ∼3027 cm-1 is attributed to the stretching vibration 
of the hydroxyl (OH) bond and reveals the presence of OH 
groups in the GnP. The band observed at ∼1720 cm-1 can 
be assigned to the carboxyl (COOH) group. The absorption 
bands seen at ∼2883, ∼2912 and ∼1192 cm-1 stem from the 
symmetric and asymmetric C-H stretching vibrations and 
C-H twisting. The peaks at ∼1730 and ∼1630 cm−1 can be 
assigned to the stretching vibration of the carboxyl/carbonyl 
(C=O) and aromatic (C=C) groups respectively. It should 
be noted that the NFG was intercalated with concentrated 
H2SO4 for the synthesis of the GIC. The sharp peaks at ∼1044 
and ∼1226 cm−1 can be assigned to the ester (C-O) stretching 
vibrations. The FTIR spectrum shows a peak at ∼3425 cm-1 
corresponding to the O-H stretching of the COOH group. 

The broad peak occurring at ∼1450 cm-1 is due to the O-H 
deformations of C-OH groups33.

The XPS spectrum of GnP in Figure 8a was done in order 
to obtain information about the type of bond in the GnP and is 
characterized by a highly intense band at 286.4 eV. Figure 8b 
shows the C 1s spectrum of the GnP. The XPS spectrum was 
fitted with Lorentzian-Gaussian peaks. The three peaks seen 
at 284.6 eV, 286.0 eV and 288.86 eV are attributed to the 
sp2 carbon bonds, sp3 carbon bonds and carboxyl functional 
group (COOH) bonds respectively. Compositional analysis 
given along with the XPS spectrum in Figure 8a shows that 
the GnP consist of 92.3 at. % C, 4.5 at. % O and 2.8 at. % N. 
The presence of O could be due to the functional groups 
like COOH, C-O or C=O which were attached to the GnP 
during its synthesis or due to the oxidation of the GnP in 
air. Although the thermal shock was given to the GIC in 
Ar atmosphere at 1000oC for 30 seconds it could also be 
oxidized due to the presence of trace amount of oxygen as 

Figure 5. SEM images of GnP.

Figure 6. (a-d) Bright field HRTEM images and (e) SAED pattern of GnP.

Figure 7. (a) Raman Spectroscopy and (b) FTIR of GnP.
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impurity in the Ar gas. The XPS spectrum of GnP did not 
contain any elements other than C and O clearly indicating 
the absence of impurities34. Figure 9 is the XRD spectrum 
of the acid-functionalized MWCNTs in 2θ range of 20-80o. 
The sharp intense peaks in the XRD spectrum clearly indicate 
the crystalline nature of the MWCNTs. The XRD spectrum 
shows the (002), (100), (102), and (101) peaks corresponding 
to the hexagonal structure of the MWCNTs. The (002) peak 
corresponding to the basal plane of the MWCNTs was seen 
at 2θ value of 30.33o. The interplanar spacing of the (002) 
diffraction planes (d002) calculated using the Bragg’s law 
is ∼3.4144 Å which is well within the range reported for 
pristine MWCNT in literature35,36. From the XRD, it is evident 
that there is no impurity present in the MWCNT powder 
particles. The sharpness of the XRD peaks indicate that no 
significant damages have been done to the MWCNTs during 
acid-functionalization and ultrasonication which was done 
to deagglomerate and disentangle the MWCNT.

The SEM images in Figure 10a-10b show MWCNTs 
entangled due to their high aspect ratio. The MWCNTs 
have been acid-functionalized to modify them and enable 
interaction with the metal matrix and improve their dispersion 
in the metal matrix. In order to modify the MWCNTs the 
MWNCTs were treated with a mixture of sulphuric acid 
(H2SO4) and nitric acid (HNO3) in the volume ratio of 1:3. 
Due to the hydroxyl (OH) and carboxylic (COOH) functional 
groups attached to the surface of the MWCNTs during 
functionalization, it was possible to break the strong Van der 
Waals forces between them and to prevent their agglomeration37. 

The HRTEM images in Figure 10c-10d show the structure 
of the MWCNTs. Figure  10d and with the image inset 
clearly show that the carbon nanotubes are multiwalled in 
nature. The outer diameter of the MWCNTs is in the range 
of 11-20 nm whereas their inner diameter is in the range 
of ∼5-7.5 nm. The SAED pattern in Figure  10e shows 
sharp concentric rings clearly indicating the high degree of 
crystallinity of the MWCNTs and confirm that the graphitic 
structure of the MWCNTs was preserved38.

Raman spectroscopy provides a convenient and direct 
way to examine the quality of the MWCNTs. Figure 11a 
shows the Raman spectrum of the acid-functionalized 
MWCNT. The Raman spectrum of the MWCNT shows 
three characteristic G, D and 2D peaks. The G-band is the 
first order Raman mode and appears at ∼1580 cm-1 and it is 
an intrinsic feature related to the vibrations in all sp2 carbon 
atoms. The D-band comes from the second-order scattering 
process and occurs at around 1280-1350 cm-1. It provides 
information about the structural defects and presence of 
amorphous carbon in the sample. The larger is the number 
of defects the higher is the D-band’s intensity. The FTIR 
spectrum of the acid-functionalized MWCNTs in Figure 11b 
shows stretching vibrations due to carbonyl groups at 1679 
cm-1, while absorption bands at 1385 cm-1 and 1078 cm-1 
are associated to hydroxyl (OH) group bending and alkoxy 
(C-O) stretching respectively39.

The XPS analysis was done to analyse the various chemical 
bonds in the MWCNTs. The elemental analysis along with 
the XPS spectra of the MWCNTs in Figure 12a shows the 
presence of ∼15.1 at. % O. This is due to the carboxylic 
(COOH) functional groups attached to the MWCNTs during 
acid-functionalization. During the acid-functionalization the 
MWCMTs were oxidized using an oxidative acid and this 
resulted in the attachment of the oxide functional groups 
to them. The Voight function was used for the XPS peak 
deconvolution of the C 1s peak. The C1s spectra is composed 
of several characteristic peaks, such as two peaks due to the 
C-C interactions including C=C sp2 bonds at the binding 
energy of 284.4-284.7 eV and C-C sp3 bonds at 285.1-285.5 
eV, and a relatively weak peak due to the COOH functional 
group at 289-291.6 eV40.

Large-scale synthesis of hBN nanoplatelets having few layers 
of hBN stacked together has been challenging, mainly due to the 
strong interlayer interactions occurring due to the electronegativity 
difference between the elemental components B and N41. 

Figure 8. (a) XPS of GnP (b) XPS C 1s spectra of GnP.

Figure 9. XRD of acid-functionalized MWCNT.
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Here, in the present study, the exfoliation of commercially 
available hBN was carried out by a facile ball milling 
technique. The as-received pristine hBN were exfoliated 
by milling in a planetary ball mill for 20 h using toluene 
as the process controlling agent (PCA) during milling. Wet 
milling is an efficient and high-yield method to produce 
2D nanomaterials, having high crystallinity if the milling 
conditions are optimized. The yield of exfoliated hBN by 
the milling process was high which is why this technique 
was adopted for the synthesis of the exfoliated hBN 
nanoplatelets. The XRD spectra of both the as-received 
pristine hBN and 20 h milled hBN in Figure 13a show 
peaks corresponding to the (002), (100), (101), (102) and 
(004) diffraction planes of hBN confirming its hexagonal 
structure. The XRD spectra of both as-received hBN and 
20 h milled hBN show a strong intense peak corresponding 
to the (002) diffraction plane at 2θ value of 31.28° suggesting 
the high degree of crystallinity of hBN. The interplanar 

distance (d002) between the (002) planes calculated using 
the Bragg’s law (λ = 2dsinθ) is 3.3180 Å which is in close 
conformity with the d002 value reported in literature40. 
The intensity of the (002) peak of hBN shows a slight 
decrease after milling for 20 h (Figure  13b). However, 
there is no measurable broadening of the (002) peak. 
This suggests that milling does not have a significant effect 
on the in-plane structure of hBN and the milled hBN 
nanoplatelets have a high degree of crystallinity. The 
XRD plots reveal that the intensity of the (004) peak has 
reduced considerably after 20 h of milling. This suggests 
significant reduction in the thickness in the c-direction of 
the hBN nanoplatelets. From the XRD spectra it is evident 
that the hBN does not have any impurity.

hBN nanoplatelets can be synthesized by bottom-up 
processes like chemical vapour deposition (CVD) or segregation 
method or by top-down processes like exfoliation of bulk hBN 
by mechanical processes like ball milling or ultrasonication. 

Figure 10. (a, b) SEM images (c, d) Bright field HRTEM images with d-spacing (e) SAED pattern of acid-functionalized MWCNT.

Figure 11. (a) Raman spectroscopy and (b) FTIR of acid-functionalized MWCNT.

Figure 12. (a) XPS analysis of acid-functionalized MWCNT (b) XPS C 1s spectra of MWCNT.
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Here, in the present work, the bulk pristine hBN has been 
exfoliated by ball milling for 20 h in a wet medium of 
toluene. After milling for 20 h, the hBN shows a reduction 
in lateral size and thickness (Figure 14). Milling disrupted 
the layered structures of the hBN, resulting in a significant 
increase of surface area which is also evident from the BET 
analysis. Within the initial period of milling, the hBN particles 
get delaminated and partially exfoliated by the shear force 
produced by the impact of the balls during milling. Due 
to the shear force, the weak interplanar bonds are broken 
and thinner hBN nanoplatelets having few layers of hBN 
stacked together were produced. There is also a possibility of 
functional groups getting attached to the hBN nanoplatelets 
during milling. The EDXS analysis of the 20 h milled hBN 
along with the SEM image in Figure 14f shows 12.82 at. % 

O in it. Whereas no O was detected in the as-received hBN. 
This is due to the oxidation of the hBN nanoplatelets during 
milling forming diboron trioxide (B2O3) on its surface and 
its concentration has been reported to increase with the 
increase in milling time41. The presence of O in the hBN 
nanoplatelets has also been confirmed by XPS analysis. 
Figure  15 shows the HRTEM images of pristine hBN. 
The HRTEM image in Figure 15c of pristine hBN shows 
small, disc-like nanoplatelets having size in the raneg 
of ∼0.1-1 µm. The SAED pattern of pristine hBN in Figure 15e 
shows a hexagonal spot pattern. The SAED pattern in 
Figure 15j of the 20 h milled hBN shows concentric circles 
corresponding to the (002) and (100) diffraction planes of 
hBN with bright spots clearly indicating that the 20 h milled 
hBN nanoplatelets are well exfoliated42,43.

Figure 13. (a) XRD spectra and (b) (002) peak of pristine and 20 h milled hBN.

Figure 14. SEM images of (a-c) pristine hBN and (d-f) 20 h milled hBN with EDXS analysis.

Figure 15. (a-d) Bright field HRTEM images and (e) SAED pattern of pristine hBN (f-i) Bright filed HRTEM images and (j, k) SAED 
pattern of 20 h milled hBN.
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Raman spectrosospy is an essential technique to charatcerize 
and investigate graphene and other 2D materials. The Raman 
spectra of as-received hBN and the 20 h milled hBN in 
Figure 16a show a sharp and intense peak at ∼1370 cm-1 
corresponding to Raman-active high-energy phonon E2g 
vibration mode. It should be noted that the E2g Raman 
intensity of hBN is about 50 times weaker than that of 
graphene under similar conditions. This is the G-band of the 
hBN44. Figure 16b shows the FTIR spectra of as-received and 
20 h milled hBN samples. Both the spectra show two strong 
peaks at ∼813 cm-1 and ∼1379 cm-1 which are assigned to 

the B-N-B bending vibartions and B-N stretching vibrations 
respectively. The absorption band at ∼3267 cm-1 seen in both 
the FTIR plots can be correlated to the stretching vibrations of 
the N-H group. The faint peak at ∼490 cm-1 seen in the FTIR 
spectrum of the 20 h milled hBN sample can be attributed 
to the negligible amount of B2O3 present in the hBN. This 
peak corresponds to the B-O-B vibration. B2O3 could be 
formed by the oxidation of B during milling as there is a 
chance of functional groups being attached to the surface of 
the hBN nanoplatelets. The presence of O in the 20 h milled 
hBN nanoplatelets was also confirmed by XPS (Figure 17). 

Figure 16. (a) Raman spectroscopy and (b) FTIR plot of hBN.

Figure 17. XPS analysis of 20 h milled hBN.



11Development of Al-Based Nanocomposites Using CNT-GnP-hBN Ternary Hybrid Reinforcement

The FTIR analysis does not show any new peak suggesting 
that no new detectable amount of functional groups were 
attached to the surface of hBN after milling for 20 h45.

The XPS analysis of the 20 h of milled hBN in Figure 17 
shows that it is almost stoichiometric with very small amount 
of O (5 at. %) and C (6.7 at.%). The presence of C1s and O1s 
peaks in the survey spectrum of exfoliated hBN indicates 
that a small amount of impurity elements exists in the 
exfoliated hBN due to the adsorption of CO, H2O and O2 on 
the surface of the sample during milling. The presence of O 
acts adversely on the properties of hBN and it could be due 
to milling or due to the exposure of the hBN to air46,47. The 
elemental composition of the 20 h milled hBN is 45.2 at. % 
N, 43.1 at. % B, 6.7 at. % C and 5 at. % O. The quantification 
of B1s and N1s peaks confirms the stoichiometry of 1.04: 1 
for B: N and confirms that the pristine hBN is stoichiometric 
with very small amount of O in it which was bonded to the 
B atoms during milling. The N1s spectrum in Figure 17b 
exhibited a main peak at ∼398.4 eV. The XPS spectra showed 
the presence of a single component at ∼190.8 eV in the B1s 
spectrum assigned to the B-N bonds (Figure 17d). A small 
peak at 192 eV corresponding to B-O bonds comes from 
B-site hydroxylation.

Figure 18 shows the BET analysis of the as-received 
hBN and the 20 h milled hBN. The average pore diameter 
of the pristine as-received hBN was found to be 3.63 nm 
confirming the presence of mesopores in them and the surface 
area of pristine hBN was found to be 28.376 m2/gm. The 
pore volume was found to be 0.116 cc/gm. The average pore 
diameter of the 20 h milled hBN was found to be ∼3.94 nm 
and the surface area was found to be ∼37.16 m2/gm. The 
pore volume was found to be ∼0.106 cc/gm. The presence 

of mesopores in the 20 h milled hBN was confirmed by the 
BET analysis. Ball milling disrupted the layered structure 
of the 20 h milled hBN, resulting in significant increase in 
the surface area48.

Figure 19a-19b are the SEM images of the CNT0.3GnP0.3hBN0.4 
powder mixtures. The elemental maps of N and B in 
Figure 19d-19e indicate that the large particle in the centre 
of the SEM image in Figure 19b is that of hBN. The C in the 
background is due to the carbon tape on which the sample 
was placed. However, C could be seen lying over the hBN 
in the combined elemental map in Figure 19c indicating that 
the CNT-GnP are in close contact with the hBN. The elemetal 
map of O in Figure 19g shows the presence of O in the 
CNT-GnP-hBN nanofiller. Due to the acid-fucntionalization 
of the MWCNTs oxygen containing groups like carboxylic 
group (COOH) and hydroxyl group (OH) were attached to 
the MWCNTs. The COOH fucntional group was also present 
in the GnP as the GIC was synthesized by adding H2SO4 and 
strong oxidizing agents like H2O2 to the NFG49,50.

Figure  20 shows HRTEM images of GnP and hBN 
stacked together in the CNT0.3 GnP0.3hBN4.4 powder mixture. 
The electronegetivities of B(2.04), C(2.55) and N(3.04) are 
different and this could also stabilize the stacking of GnP 
and hBN over one another. The AA’ stacking mode of hBN 
is also stabilized due to the similar reason where B atoms 
bearing a partial positive charge in one layer resides on top 
of the oppositely charged N atoms on the adjacent layers51. 
Simialrly the difference in the electronegetivities of B, N 
and C could also stabilize the stacking of the GnP on the 
hBN nanoplatelets. The HRTEM microgrpahs in Figure 20 
clealry show the plate like layered morphology of the GnP 
and hBN in the hybird nanofiller which are also tranparent to 

Figure 18. BET analysis of (a, b) as-received hBN (c, d) 20 h milled hBN.
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the electron beam. Parallel lattice fringes with an interlayer 
spacing of d002 = 0.344 nm corresponding to the (002) planes 
of MWCNT can be seen in Figure 20d52. The SAED patterns 
in Figure 20e, 20j show fuzzy and discontinuous rings which 
manifests the polycrystalline nature of the hBN.

The integration of the three nanofillers to form a 3D hybrid 
structure was achieved by ultrasonicating the nanofillers 
in the desired weight fractions. The intercalation of the 
MWCNTs between the hBN and the GnP nanoplatelets could 
provide a 3D structure resulting in a more efficient load 
transfer than the individual nanofiller. The synergistic effect 
provided by the CNT-GnP-hBN ternary hybrid nanofiller 
could be highly efficient and could enhance the mechanical 
properties and wear behaviour of the nanocomposites. 
The 2D hBN and GnP would be stacked over each in the 
hybrid nanofiller and would form an in-plane junction 
between them. The difference in electronegativities between 
C, B and N could also result in stacking of GnP and hBN 
nanoplatelets on each other. As the mechanical properties 
of the three nanofillers are similar their arrangement in the 
hybrid nanofiller would determine the load transfer from 
the metal matrix to the hybrid nanofiller. The HRTEM 
images in Figure 20 show 2D GnP and hBN nanoplatelets 
entangled with the 1D MWCNT and forming a compact 
and overlapping network. The MWCNTs act as spacers 
between the 2D nanofillers and interrupted the dense 

packing between the hBN and GnP particles and reduced 
the packing between them. Due to their large aspect ratio 
the MWCNTs get entangled with each other and the Al 
particles as well as the GnP and the hBN nanoplatelets get 
entrapped in them during ultrasonication. The exfoliation 
of hBN was more difficult than GnP due to which the hBN 
nanoplatelets were found to have more number of hBN layers 
stacked together than in GnP. The GnP nanoplatelets are 
much thinner than the hBN nanoplatelets and are therefore 
more flexible and would be more easily wrapped around 
the Al particles than the hBN nanoplatelets. This could also 
affect the densification of the Al-based nanocomposites 
when the hBN nanoplatelets are present at a higher loading 
level in the Al matrix53,54. Figure 21a-21b shows the DSC/
TGA plots of CNT0.3 GnP0.3hBN0.4 and CNT0.3 GnP0.3hBN4.4 
powder mixtures. The shallow endothermic peak in initial 
part of both the DSC plots is due to the evaporation of the 
adsorbed moisture, toluene or acetone. Toluene was used 
as a process control agent during milling for exfoliating 
the hBN whereas acetone was used for ultrasonication 
for blending the powder mixtures. The evaporation of 
these adsorbed liquids was accompanied with the loss in 
mass. This was observed upto a temperature of ∼400oC. 
The net loss in mass after heating upto 1200oC was ∼7.75% 
in the case of CNT0.3GnP0.3hBN0.4 powder mixture and 
∼3.89% in the case of CNT0.3GnP0.3hBN4.4 powder mixture. 

Figure 19. (a, b) SEM images (c) combined elemental map and elemental map of (d) N (e) B (f) C and (g) O in CNT0.3 GnP0.3hBN0.4 
powder mixture.

Figure 20. (a-d) HRTEM images and (e) SAED pattern of CNT0.3GnP0.3hBN0.4 and (f-i) HRTEM images and (j) SAED pattern of 
CNT0.3GnP0.3hBN4.4 powder mixtures.
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Heating beyond ∼600oC results in the degradation and 
combustion of the carbonaceous nanofillers, MWCNT and 
GnP, forming gaseous products like CO and CO2. However, 
hBN has very high thermal stability of upto ∼1000oC and 
gets oxidized forming B2O3 on the hBN nanoplatelets in 
the temperature range of 1000-1200oC55. In the case of 
CNT0.3GnP0.3hBN4.4 powder mixture the weight fraction of 
the carbonaceous nanofiller is lower than hBN. Therefore, 
we see a lesser extent of loss in mass as compared to 
CNT0.3GnP0.3hBN0.4. Also due to the higher thermal stability 
of the hBN it protects the MWCNT and GnP from thermal 
degradation and combustion which is why we see a very low 
loss in mass after thermal analysis upto 1200oC56. Crystalline 
B2O3 has a melting point of 450oC. However, amorphous 
boron oxide does not have a specific melting point and begins 
to melt at 325oC and becomes fluid at 500oC. Therefore, the 
endothermic peak which starts at ∼400oC seen in both the 
DSC curves can be attributed to the melting of the B2O3

57.

The elemental maps of Al (Figure 22d) and O (Figure 22e) 
are very similar and clearly indicate the oxidation of the Al 
metal powder. The oxidation of Al has also been confirmed 
by the XRD and EDXS analysis. The elemental maps of B 
and N in Figure 22f and Figure 22g respectively also suggest 
close association of the hBN with the Al particles and confirm 
that a proper blending between the ternary nanofiller and 
the Al powder could be achieved by ultrasonication. The 
hBN nanoplatelets can be seen lying over the Al particle 
in Figure 22d and covering the Al particle completely. The 
SEM image in Figure 22c shows MWCNT wrapped around 
the Al particle. All the SEM images in Figure 22a-22c show 
that the ternary hybrid nanofiller is well dispersed within 
the Al powder and is in close contact with the Al particles.

Figure 23a-23c are the HRTEM images of the Al-1 wt.% 
CNT0.3 GnP0.3hBN0.4 powder mixture. The hBN nanoplatelets 
are darker in colour in the HRTEM images as they have a larger 
number of hBN layers stacked together as compared to the GnP. 

Figure 21. DSC and TGA of (a) CNT0.3 GnP0.3hBN0.4 (b) CNT0.3 GnP0.3hBN4.4 powder mixture.

Figure 23. (a-c) HRTEM images (d) SAED pattern of Al-1 wt.% CNT0.3GnP0.3hBN0.4 powder mixture.

Figure 22. (a-c) SEM images (d) combined elemental map and elemental maps of (e) O, (f) B and (g) N in Al-1 wt.% CNT0.3 GnP0.3hBN0.4 
powder mixture.
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It was seen earlier that as hBN was more difficult to exfoliate 
than GnP the number of layers in the hBN nanoplatelets 
are higher as compared to that in GnP. The GnP are more 
transparent to the electron beam than the hBN. The hBN 
nanoplatelets have rounded edges whereas the GnP have 
straight and sharp edges. The HRTEM images show that a 
proper blending between the three nanofillers and the Al metal 
powder has taken place by ultrasonication. The GnP and hBN 
nanofillers are found trapped within the CNTs (Figure 23c). 
There is proper contact between the three nanofillers although the 
MWCNTs show a tendency to get entangled and form bundles 
due to their high aspect ratio. Few dark regions formed by the 
agglomerates of the nanofiller and Al powder could be seen in 
the HRTEM images. The sharp concentric rings in the SAED 
pattern in Figure 23d confirm the highly crystalline nature of 
the nanofillers. The structural integrity of the nanofillers was 
preserved even after blending by ultrasonication. Figure 24 
shows the BET analysis of the Al-1 wt.% CNT0.3GnP0.3hBN0.4 
and Al-5 wt.% CNT0.3 GnP0.3 hBN4.4 powder mixtures. The 
surface area of Al-1 wt.% CNT0.3GnP0.3hBN0.4 powder mixture 
was found to be 51.181 m2/gm and its pore volume was found 
to be 0.118 cc/gm. The pore diameter was 3.926 nm. On the 
other hand, the surface area of Al-5 wt.% CNT0.3GnP0.3hBN4.4 
powder mixture was 73.447 m2/gm. The pore volume of the 
powder mixture was 0.348 cc/gm and its pore diameter was 
found to be 2.974 nm. With the increase in the loading level 
of hBN there is a significant increase in the surface area. 
However, an increase in the pore volume and pore diameter 
was also observed with the increase in the loading level of hBN 
in the hybrid nanofiller. This is also the reason why the relative 
density of the Al-CNT-GnP-hBN nanocomposite reduces with 
the increase in the loading level of the hBN58.

Figure 25 shows the XRD spectrum of the as-received 
pure Al metal powder. The XRD spectrum of pure Al shows 
peaks corresponding to the (111), (002), (220), and (113) 
diffraction planes of FCC Al. A faint low intensity peak 
corresponding to aluminium oxide (Al2O3) could also be 
seen in the XRD spectrum. The XRD peak of Al2O3 is almost 
undetectable due to the trace amount of Al2O3. The formation 
of Al2O3 is due to the mild oxidation of the Al metal powder 
which takes place due to the unavoidable exposure of the 
powder to open atmosphere. Al has a strong affinity for 
oxygen forming a thin layer of dense, compact Al2O3 which 
protects the bulk metal underneath from further oxidation59.

The SEM image in Figure 26 show the dumbbell shaped 
Al particles in the as-received pure Al powder. These 
particles have a size in the range of ∼10-50 μm. Very fine Al 
particles having a size of few microns as well as large-sized 
Al particles having a size of upto ∼50 μm can be seen in 
the SEM images. The EDXS analysis given along with the 
SEM image in Figure 26 shows the presence of 7.51 at. % 
O in the Al particles. Both the EDXS analysis of the pure 
Al powder in Figure 26 as well as the XRD spectrum of the 
pure Al powder in Figure 25 clearly suggests that the extent 
of oxidation of Al is very low.

Figure 27b shows the XRD spectra of Al-1, 2, 3 and 
5 wt. % CNT-GnP-hBN hybrid nanocomposites. All the XRD 
spectra show peaks corresponding to the various diffraction 
planes of FCC Al. A low intensity peak corresponding to the 
(002) peak of the CNT-GnP-hBN ternary hybrid nanofiller 
could be seen at 2θ value of 32.086°. It should be noted 
that the (002) peak of MWCNT, GnP and hBN are very 
close to each other at 2θ values of 30.33, 30.99 and 31.28o 
respectively and therefore overlap with each other. From 
Figure 27d it has evident that increasing the loading level of 
hBN in the ternary hybrid nanofiller increases the intensity of 
the (002) peak. The highest intensity of the (002) peak was 
seen in the case of Al-5 wt.% CNT0.3 GnP0.3hBN4.4 hybrid 
nanocomposite. The peak corresponding to the (104) diffraction 
plane of Al2O3 could be seen at 2θ value of 33.42°. Al2O3 was 
earlier detected in the as-received Al powder both by XRD 
(Figure 25) and EDXS (Figure 26) analysis. Oxidation of Al 
could have also taken place by the residual oxygen present as 
impurity in the Ar gas used for sintering in the tubular furnace. 

Figure 24. BET analysis of (a) Al-1 wt.% CNT0.3GnP0.3hBN0.4 and (b) Al-5 wt.% CNT0.3GnP0.3hBN4.4 powder mixture.

Figure 25. XRD of as-revived pure Al powder.
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The strongest peak of Al2O3 was observed in the XRD spectrum 
of Al-5 wt.% GnP0.3MWCNT0.3hBN4.4 nanocomposite. No 
peak corresponding to aluminium carbide (Al4C3) could be 
seen in the XRD spectra of the Al-based nanocomposites 
although the binary phase diagram of the Al-C system 
(Figure 2a) predicts the formation of intermetallic Al4C3 by 
the reaction of the Al matrix and the carbonaceous nanofillers 
in the ternary hybrid nanofiller. However, it should be noted 
that the amount of Al4C3 could be negligible and was not 
detected in the XRD spectra. The plot in Figure 27c shows 
the Al (111) peak in the various XRD spectra of the Al-based 
nanocomposites. A slight shift of the Al (111) peak towards 
the higher 2θ values could be seen with respect to the Al 
(111) peak of the sintered pure Al sample clearly indicating 
that there was slight diffusion of impurity atoms like C, B, N 
and O into the Al lattice. It should be noted that C(0.67 Å), 

B(0.87 Å), N(0.56 Å) and O(0.48 Å) have a smaller atomic 
radius as compared to Al(1.18 Å) and their diffusion into 
the Al lattice could cause a shift of the Al peak towards 
higher 2θ values60.

Figure 28 shows the optical micrographs of the sintered pure 
Al as well as the various Al-based nanocomposites developed 
by sintering at 550°C in Ar atmosphere for 2 h in a tubular 
furnace. The sintered nanocomposite samples were polished using 
Keller’s reagent. A lower loading level of the ternary nanofiller 
in the Al matrix in the case of Al-1 wt.% CNT0.3GnP0.3hBN0.4 
nanocomposite resulted in a homogeneous distribution of 
the nanofiller (Figure 28c-28d). Beyond the loading level 
of 1 wt.% hybrid nanofiller in the Al matrix, agglomeration 
of the hybrid nanofiller was seen at the Al grain boundaries. 
A higher weight fraction of hBN in the ternary hybrid nanofiller 
resulted in the deterioration of the densification of the samples. 

Figure 26. SEM image of pure Al powder along with EDXS analysis.

Figure 27. XRD of (a) pure Al and (b) Al-1, 2, 3, and 5 wt.% CNT-GnP-hBN nanocomposites (c) Al(111) peak and (d) (002) peak of 
CNT-GnP-hBN in Al-CNT-GnP-hBN nanocomposites.
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The percentage of porosity increases with the increase in 
the loading level of the ternary hybrid nanofiller in the 
Al-based nanocomposites from ∼7.43% in the case of 
Al-1 wt.% CNT-GnP-hBN nanocomposite to ∼13.75% 
in the case of Al-5 wt.% CNT-GnP-hBN nanocomposite. 
Agglomerated hybrid nanofillers may act as a defect and 
thereby contribute to the occurrence of microcracks within 
the nanocomposite. When present in adequate amount 
the hybrid nanofiller can absorb the fracture energy and 
can alter the direction of crack propagation and stop 
crack propagation. It can enable crack pinning along 
the original direction. It should be noted that a uniform 
distribution of the nanofiller in the Al matrix can result 
in better mechanical properties due to grain refinement 
and Orowan strengthening mechanism. The Orowan 
strengthening mechanism is a significant strengthening 
mechanism in nanocomposites and dominantly affects 
their performance. In the Orowan strengthening 
mechanism closely associated hard nanosized particles 

obstruct the movement of the dislocations. The dispersed 
strengthening and precipitation strengthening mechanisms 
are governed by Orowan dislocation bypassing or by the 
dislocation shearing mechanism. Therefore, a higher 
strength of the nanocomposites can be achieved by better 
nanofiller dispersion in the Al matrix. Figure 28g is a 
schematic diagram explaining the Orowan strengthening 
mechanism61-63.

The SEM image of pure Al sample in Figure  29a 
developed under similar condition show large number of 
pores. Sintering of Al powder is known to be a difficult 
process, due to the tenacious oxide film present on the 
surface of the Al particles. The SEM images in Figure 29b 
of Al-1 wt.% CNT0.03GnP0.03hBN0.4 nanocomposite shows 
the uniform distribution of the hybrid nanofiller in the Al 
matrix. However, agglomerates of hBN can be seen in the 
SEM image of Al-3 wt.% CNT0.3GnP0.3hBN2.4 nanocomposite 
at the Al grain boundaries in Figure 29c when the loading 
level of the ternary hybrid nanofiller is higher than 1 wt.%. 

Figure 28. Optical micrographs of (a, b) sintered pure Al (c, d) Al-1 wt.% nanocomposite (e, f) Al-3 wt.% nanocomposite (g) Schematic diagram 
of Orowan strengthening mechanism.

Figure 29. (a) SEM images of sintered pure Al sample. SEM images with EDXS analysis of (b) Al-1 wt.% CNT0.3GnP0.3hBN0.4 (c) Al-3 wt.% 
CNT0.3GnP0.3hBN2.4 nanocomposite.
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The higher weight fraction of hBN in the ternary hybrid 
nanofiller did not improve the densification of the nanocomposite. 
The agglomeration of this ternary hybrid nanofiller containing 
higher amount of hBN led to the increase in the porosity 
of the sintered nanocomposite which eventually led to a 
decrease in the density of the nanocomposites. The relative 
density of Al-1 wt.% CNT0.3GnP0.3hBN0.4 nanocomposite 
was found to be highest among all the Al-CNT-GnP-hBN 
nanocomposites and was about ∼5.01% times higher than 
that of the pure Al sample developed similarly. No reaction 
product was formed at the interface of the hybrid nanofiller 
and the Al matrix. This was also confirmed by the XRD plots 
in Figure 27b although formation of intermetallics like Al4C3 
between Al and C, Al2B3 between Al and B and AlN between 
Al and N is predicted from the binary phase diagrams of the 
Al-C, Al-B and AlN systems in Figure 2. Figure 30a-30e 
show the HRTEM images of Al-1 wt.% CNT0.3GnP0.3hBN0.4 
nanocomposites64. The HRTEM images clearly show the 
ternary hybrid nanofiller embedded within the Al matrix at the 
grain boundaries. A large number of dislocations could also be 
seen. Figure 30c shows a large number of dislocations piled 
up at the grain boundaries where agglomerates of the ternary 
hybrid nanofiller are present. The SAED pattern in Figure 30f 
shows sharp rings corresponding to the polycrystalline Al 
matrix along with bright spots corresponding to the hybrid 
nanofiller. Figure 31a shows the variation of sintered density 

and relative density of Al- CNT-GnP-hBN nanocomposites 
with the variation in the composition of the ternary hybrid 
nanofiller. It is evident from the plots that the highest relative 
density of ∼92.56% was achieved in the case of Al-1 wt.% 
CNT0.3GnP0.3hBN0.4 nanocomposite. At a lower loading level 
of the ternary hybrid nanofiller a uniform distribution of the 
hybrid nanofiller in the Al matrix was observed. This resulted 
in better densification of the nanocomposites. Agglomeration of 
the ternary hybrid nanofiller adversely affected the sinterabilty 
of the nanocomposites. Increasing the loading level of the 
hBN nanofiller in the ternary hybrid nanofiller deteriorated 
the densification of the Al-based hybrid nanocomposite and 
resulted in lower relative density of the nanocomposites. With 
the increase in the loading level of hBN the agglomeration 
of hBN in the Al matrix takes place which also deterirorated 
the mechanical properties of the nanocomposites. Due to 
the microporous structure and agglomeration of the ternary 
hybrid nanofiller at higher loading level the hardness of the 
nanocomposite was also reduced. As the thermal decomposition 
of both the MWCNT and GnP starts beyond ∼600oC and the 
hBN shows thermal stability upto a temperature of ∼1000oC 
the structural integrity of all the nanofillers are expected 
to be preserved during the sintering which was carried 
out at 500oC for 2 h in Ar atmosphere. From Figure 31b 
it is evident that a significantly higher relative density 
could be achieved in the case of Al-hBN nanocomposites. 

Figure 30. (a-e) HRTEM images (f) SAED pattern of Al-1 wt.% CNT0.3GnP0.3hBN0.4 nanocomposite.

Figure 31. (a) Variation of sintered density and relative density of Al-CNT-GnP-hBN nanocomposites (b) Variation of relative density of 
Al-CNT-GnP-hBN and Al-hBN nanocomposites.
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However, when the ternary hybrid nanofiller is added to 
the Al matrix the relative density of the nanocomposites is 
lower. This can be attributed to the mismatch in the properties 
of the three nanofillers which affects their sinterability. 
However, it should be noted that a higher relative density as 
compared to that of the pure Al sample (∼88.14%) could be 
achieved in the case of all the Al-hBN and Al-CNT-GnP-hBN 
nanocomposites. The highest relative density achieved in 
the case of Al-CNT-GnP-hBN nanocomposites was for 
Al-1 wt.% CNT0.3GnP0.3hBN0.4 nanocomposite (∼92.56%) 
which was slightly lower than the highest relative density 
achieved in the case of Al-hBN nanocomposites for 
Al-3 wt.% hBN nanocomposite (∼94.11%)20,65. Figure 32 
shows the variation in hardness of Al-CNT-GnP-hBN and 
Al-hBN nanocomposites. The maximum hardness in the 
case of Al-CNT-GnP-hBN nanocomposites is observed in 
the case of Al-1 wt.% CNT0.03GnP0.03hBN0.4 nanocomposite 
(∼415.91 MPa) whereas the maximum hardness in the case 
of Al-hBN nanocomposites is seen in the case of Al-3 wt.% 
hBN nanocomposite (∼450.54 MPa). The maximum hardness 
achieved in the case of Al-CNT-GnP-hBN nanocomposites 
is slightly lower than that achieved in the case of Al-hBN 
nanocomposites. However, it should be noted that the hardness 
achieved in the case of all the ternary hybrid reinforced or 
monoreinforced nanocomposites is higher than that of the 
pure Al sample (∼322.35 MPa) developed similarly66.

Dry sliding wear test of the sintered pure Al and the 
various Al-based nanocomposites was done in order to 
determine the effect of the CNT-GnP-hBN ternary hybrid 
nanofiller on the wear resistance of the nanocomposites, 

and for comparison, the wear behaviours of the sintered pure 
Al and Al-hBN nanocomposites developed similarly has also 
been reported20,67. A wear test can predict the performance and 
mechanism of wear. Ceramic reinforcements reduce wear to 
a considerable extent, but they increase the counter surface 
wear, due to which the lifecycle of the tribopair is reduced. The 
use of hybrid nanofillers like CNT-GnP-hBN can help easy 
shearing over the sliding surface, thereby reducing friction 
by forming a tribolayer. Figure 33a shows the variation in 
the wear depth of sintered pure Al and Al-CNT-GnP-hBN 
nanocomposites. Among the various nanocomposites, 
Al-1 wt.% CNT0.3GnP0.3hBN0.4 nanocomposite shows the least 
wear depth as well as the least wear rate (Figure 33b) and 
the highest improvement in wear resistance. Increasing the 
loading level of the CNT-GnP-hBN ternary hybrid nanofiller 
in the Al metal matrix from 1 wt.% to 3 wt.% by fixing the 
loading level of CNT and GnP and varying the loading level 
of the hBN deteriorated the wear resistance of the Al-based 
hybrid nanocomposites. Both the wear depth as well as the 
wear rate increase with the increase in the loading level of 
the hBN in the ternary hybrid nanofiller, thereby increasing 
the loading level of the ternary hybrid nanofiller in the Al 
matrix. This can be attributed to the agglomeration of the 
nanofiller in the Al matrix with the increase in the loading 
level of the hybrid nanofiller. Increasing the hBN loading 
level beyond 0.4 wt.% did not improve the wear resistance 
of the nanocomposite. Beyond the addition of 1 wt.% of the 
hybrid nanofiller, the wear properties of the nanocomposite 
deteriorated. However, it should be noted that the extent of 
wear shown by various Al-CNT-GnP-hBN nanocomposites 
was lower than that shown by the sintered pure Al sample 
as well as the Al-hBN nanocomposites developed similarly. 
This clearly indicates that adding CNT and GnP can enhance 
the wear resistance of the Al-based nanocomposites much 
more effectively than the hBN nanofiller. It can be seen from 
Figure 33a that, upto the addition of 3 wt.% of the CNT-GnP-hBN 
ternary hybrid nanofiller a significantly higher wear resistance 
of the Al-based hybrid nanocomposite was achieved as 
compared to the Al-hBN nanocomposites developed similarly, 
clearly indicating that the ternary hybrid nanofiller is more 
effective as compared to the hBN monofiller in improving 
the wear resistance of the Al-based hybrid nanocomposite. Figure 32. Variation of hardness of the Al-based nanocomposites.

Figure 33. (a) Variation of wear depth of Al-1, 2, 3 wt.% hBN and Al-1, 2 and 3 wt.% CNT-GnP-hBN nanocomposites (b) Wear rate of 
Al-1, 2 and 3 wt.% CNT-GnP-hBN nanocomposites.
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However, it should be noted that both the relative densities 
and the hardness were found to be lower when the ternary 
hybrid nanofiller was added to the Al matrix as compared 
to the hBN monofiller (Figure 31 and Figure 32). Thus, 
it can be concluded that although the hBN monofiller 
resulted in better densification and hardness it did not 
provided poorer wear resistance than the CNT-GnP-hBN 
ternary hybrid nanofiller. It should be noted that the addition 
of 1 wt.% of CNT0.3GnP0.3hBN0.4 hybrid nanofiller also 
resulted in the highest hardness as well as relative density 
among all the Al-CNT-GnP-hBN nanocomposites. The 
hybrid reinforcement provided a major improvement in 
the tribological properties of the nanocomposites because 
of its self-lubricating properties. The addition of the hybrid 
nanofiller higher than 1 wt.% in the Al matrix deteriorates the 
wear resistance of the nanocomposite. Material removal was 
also increased in the case of 2 and 3 wt.% loading level of 
reinforcement (Figure 33b). The variation of wear depth with 
time was irregular and shows unexpected jumps, indicating 
nonuniform densification of the samples. There is a sudden 
increase in the wear depth within the initial few seconds of 
the wear test, as the outer layer of the samples were poorly 
sintered and easily worn out during the wear test. Most of 
the nanocomposites (Al-2, 3 wt.% CNT-GnP-hBN) showed 
a continuous increase in the wear depth with time. However, 
in the case of Al-1 wt.% CNT-GnP-hBN nanocomposite 
the wear death reached a steady state after some period of 
the wear test68,69. It should be noted that all the Al-based 
nanocomposites showed better wear resistance than the pure 
Al sample developed similarly.

There is a significant effect of the addition of carbonaceous 
nanofillers like CNT and GnP on the wear resistance of 
the Al-based hybrid nanocomposites. hBN when added 
alone to the Al matrix, is not very effective in improving 
the wear resistance of Al. The best wear resistance 
was seen in the case of Al-1 wt.% CNT0.3GnP0.3hBN0.4 
nanocomposite. The tribological properties and the wear 
mechanism was determined from the SEM images of 
the wear tracks in Figure  34. The CNT0.3GnP0.3hBN0.4 
was found to be the optimum composition of the ternary 
hybrid nanofiller which gave the best wear resistance 
among all the Al-CNT-GnP-hBN nanocomposites. An 
increase in the loading level of the hBN in the ternary 
hybrid nanofiller deteriorated the wear resistance of the 
Al-based nanocomposite due to the agglomeration of the 

nanofiller at the Al grain boundaries20. Figure 34a,  34f 
show deep ploughing and delamination in the wear track 
of the pure Al sample. The width of the wear track of the 
pure Al sample was ∼1.48 mm whereas the width of the 
wear track of Al-1 wt.% CNT0.3GnP0.3hBN0.4 nanocompoiste 
was ∼429.28 µm. The width of the Al-3 wt.% hBN 
nanocomposite showing the best wear resistance amomg 
all the Al-hBN nancoomposites was ∼1.19 mm. The SEM 
images of the wear track of Al-1 wt.% CNT0.3GnP0.3hBN0.4 
nanocomposite in Figure 34c, 34h show a lesser extent 
of ploughing and a considerably lower width of the wear 
track. This is because 0.3 wt.% of GnP and 0.4 wt.% of 
hBN nanofiller gives a highly effective lubricating property 
which reduces the friction between the steel ball and the 
matrix surface, whereas 0.3 wt.% of MWCNT in the ternary 
hybrid nanofiller improved the fracture toughness of the 
matrix and protects Al particles from being pulled out during 
the wear test. The 1D CNTs provded an anchoring effect, 
whereas the 2D GnP and hBN provided wear resistance 
by forming a lubricating film on the wear track. The SEM 
images in Figure 34e, 34j of Al-1 wt.% CNT0.3GnP0.3hBN2.4 
nanocomposite shows that as the loading level of the hBN 
nanofiller is increased from 0.4 to 2.4 wt.% and fixing 
MWCNT and GnP wt.% to 0.3 respectively, the width of wear 
increased from ∼429.28 µm to ∼845.88 µm. The extent of 
ploughing and delamination increases as the loading level 
of reinforcement is increased. Figure 35a shows the dry 
sliding wear test of the Al-CNT-GnP-hBN nanocomposite. 
It shows the forces acting at the point of contact of the 
indenter with the sample. Shear force applied during the 
wear test could also cause further exfoliation of the 2D 
nanofillers. The load applied to the indenter could apply 
a tangential shear force on the 2D nanofillers which could 
lead to further exfoliation of GnP and hBN and removal 
from the wear track. 2D materials are expected to be more 
visible in the wear debris, whereas MWCNTs due to their 
high aspect ratio are expected to be embedded in the Al 
matrix and prevent the Al matrix from being pulled out 
during the wear test. Figure 35b is a schematic diagram 
showing the abrasive wear mechanism70.

Figure 36a shows the XRD spectra of the wear debris 
collected from the wear track of Al-1 wt. % CNT0.3GnP0.3hBN0.4 
and Al-3 wt. % CNT0.3GnP0.3hBN2.4 nanocomposites. 
The XRD spectra of the wear debris show peaks mainly 
corresponding to the various diffraction planes of FCC Al. 

Figure 34. SEM images of the wear tracks of (a, f) pure Al (b, g) Al-3 wt.% hBN (c, h) Al-1 wt.% CNT-GnP-hBN (d, i) Al-2 wt.% 
CNT-GnP-hBN (e, j) Al-3 wt.% CNT-GnP-hBN nanocomposites.
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The (002) peak of CNT, GnP, and hBN which are very 
close to each other was seen at 2θ value of ∼31.03o and 
is very faint and cannot be detected due to the trace 
amount of the hybrid nanofiller in the wear debris. The 
intensity of the (002) peak of the hybrid nanofiller was 
very faint as compared to the sharp high-intensity peaks 
of Al. This clearly suggests that mainly the Al particles 

are pulled out from the wear track during the wear test 
whereas the hybrid nanofiller remains adhered to the wear 
track. Figure 37 shows the SEM image of the wear debris 
of Al-3 wt. % CNT0.3GnP0.3hBN2.4 nanocomposite along 
with elemental maps of B, N, O, and C clearly indicating 
both Al particles and the ternary hybrid nanofiller in the 
wear debris.

Figure 35. (a) Dry sliding wear test (b) Abrasive wear mechanism.

Figure 36. (a) XRD Al-1 wt. % CNT0.3GnP0.3hBN0.4 and Al-3 wt. % CNT0.3GnP0.3hBN2.4 nanocomposites and SEM image of wear debris 
of (b) Al-1 wt. % CNT0.3GnP0.3hBN0.4 and (c) Al-3 wt. % CNT0.3GnP0.3hBN2.4 nanocomposites.

Figure 37. (a) SEM image and (b) Combined elemental map of wear debris of Al-3 wt. % CNT0.3GnP0.3hBN2.4 nanocomposite. 
Elemental map of (c) B (d) N (e) O and (f) C.
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Figure 38a shows the σ-ε plot obtained from the compressive 
tests of the various Al-CNT-GnP-hBN nanocomposites. Al-1 wt.% 
CNT0.3GnP0.3hBN0.4 nanocomposite shows the highest value 
of the maximum compressive strength (σmax) of ∼874.77 
MPa (Figure 38b) and showed an increase of ∼85.01% with 
respect to the pure Al sample developed similarly which had 
a σmax value of ∼472.82 MPa. Beyond the addition of 1 wt.% 
of the ternary hybrid nanofiller the compressive strength of 
the nanocomposite decreases with the increase in the loading 
level of the hybrid nanofiller (Figure 38b). This is due to 
the agglomeration and nonhomogeneous distribution of the 
nanoreinforcement in the Al matrix at a higher loading level 
of the ternary hybrid nanofiller which adversely affects the 
densification of the nanocomposites increasing the porosity 
in them and resulting in lower relative density. Uniform 
distribution of the nanoreinforcement in the nanocomposites 
is a highly effective method to achieve strengthening in the 
nanocomposites. Nanoparticles distributed homogeneously 
in the matrix act as a barrier to the dislocation motion thus 
enhancing the mechanical properties of the nanocomposite71,72. 
It should be noted that Al-5 wt.% CNT0.3GnP0.3hBN4.4 
nanocomposite showed the lowest ductility having a strain 
to failure (εf) of ∼13.95% whereas the εf value of the 
Al-1 wt.% CNT0.3GnP0.3hBN0.4 nanocomposite was found to 
be the highest (∼80.25%) among all the Al-CNT-GnP-hBN 
nanocomposites. With the increase in the loading level of the 
CNT-GnP-hBN ternary hybrid nanofiller both the compressive 
strength as well as ductility decreases. It should be noted 
that the Al- 3 wt.% hBN nanocomposite showed the highest 
compressive strength (σmax) of 999.02 MPa.

4. Conclusions
In the present study three different nanofillers CNT, GnP 

and hBN have been combined in the form of a ternary hybrid 
nanofiller and added to the Al matrix to develop Al-based 
hybrid nanocomposites. The following conclusions could 
be drawn from the present work.

1.	 Highly crystalline graphite nanoplatelets (GnP) 
having few layers of graphene stacked together 
could be synthesized by the thermal exfoliation of 
the graphite intercalation compound (GIC) followed 
by ultrasonication for 20 h in acetone. The GnP had 
very low defect density.

2.	 hBN nanoplatelets having very few layers of hBN 
stacked together were successfully synthesized 
from the as-received bulk hBN by milling in wet 
medium. Although the exfoliation of hBN was 
found to be more difficult than that of natural flake 
graphite (NFG). TEM analysis has proven that the 
ball milling was highly effective in exfoliating 
bulk hBN.

3.	 The CNT-GnP-hBN ternary nanofiller was found 
to be highly effective in improving the wear 
resistance of the Al-based hybrid nanocomposites 
as compared to the hBN monofiller. The Al-1 wt.% 
GnP0.3MWCNT0.3hBN0.4 hybrid nanocomposite 
showed the lowest wear depth of the wear track 
and has the lowest width of the wear track. 
It also showed the lowest wear rate. Al- 3 wt.% 
hBN nanocomposite showed the best wear 
properties among the Al-hBN nanocomposites. 
However, it was much lower than that of Al-1 wt.% 
CNT0.3GnP0.3hBN0.4 hybrid nanocomposite. 
The ternary CNT-GnP-hBN hybrid nanofiller 
was found to be more effective than the hBN 
monofiller in improving the wear resistance of the 
nanocomposite. However, the hBN monofiller was 
found to enhance the relative density and hardness 
of the nanocomposites more effectively than the 
CNT-GnP-hBN hybrid nanofiller.

4.	 An increase in the loading level of the hBN in the 
CNT-GnP-hBN ternary nanofiller beyond 0.4 wt.% 
deteriorated the physical, mechanical as well as the 
wear properties of the Al-based nanocomposites. 
The Al-2 wt.% CNT0.3GnP0.3hBN1.4, Al-3 wt.% 
CNT0.3GnP0.3 hBN2.4, and Al-5 wt.% CNT0.3GnP0.3 
hBN4.4 hybrid nanocomposites all showed a 
deterioration of relative density, hardness, wear 
resistance and compressive strength as compared 
to the Al-1 wt.% CNT0.3 GnP0.3hBN0.4 hybrid 
nanocomposite. An increase in the loading level 
of the hBN in the hybrid nanofiller deteriorated 
the relative density, hardness, wear properties and 
compressive strength of the nanocomposites due 
to the agglomeration of the hybrid nanofiller at the 
Al grain boundaries.

Figure 38. (a) σ-ε plots (b) σmax and εf of sintered pure Al, Al-CNT-GnP-hBN and Al-hBN nanocomposites.
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5.	 Among the Al-CNT-GnP-hBN nanocomposites 
Al-1 wt.% CNT0.3GnP0.3hBN0.4 hybrid nanocomposite 
was found to show the highest relative density 
of ∼92.56% and highest hardness of ∼415.91 MPa. 
The hardness of Al-1 wt.% CNT0.3GnP0.3hBN0.4 
nanocomposite was also found to be higher 
(∼22.62%) than the hardness of the sintered pure 
Al sample developed similarly. The Al-1 wt.% 
CNT0.3GnP0.3hBN0.4 nanocomposite having 
lower wt.% of hBN showed the highest relative 
density and the relative density decreases with 
the increase in hBN content to 4.4 wt.% in the 
hybrid nanofiller.

6.	 The highest compressive strength (σmax) of ∼ 874.77 
MPa was found in the case of Al-1 wt.% CNT0.3 
GnP0.3hBN0.4 hybrid nanocomposite. Beyond the 
addition of 1 wt.% of the CNT-GnP-hBN nanofiller 
there was a gradual decrease in the compressive 
strength of the Al-CNT-GnP-hBN nanocomposites. 
The sintered pure Al sample developed similarly 
showed a σmax value of ∼ 472.82 MPa whereas 
Al-5 wt.% CNT0.3GnP0.3hBN4.4 nanocomposite 
showed a σmax value of ∼78.76 MPa. The Al-1 
wt.% CNT0.3GnP0.3hBN0.4 hybrid nanocomposite 
also showed the highest ductility with an εf value 
of ∼80.25% whereas Al-5 wt.% CNT0.3GnP0.3hBN4.4 
nanocomposite showed the lowest ductility with εf 
value of ∼13.95%. The εf value of the sintered pure 
Al sample was ∼84.32%.
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