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The dual-phase titanium alloy Ti6Al4V, presents overall top performance for
most-used weight reduction titanium alloy usage in aerospace production, but
its general applications have not been fully realized because its resistance to
local plastic deformation, friction and wear are unsatisfactory. In a bid to
enhance the known shortcomings, Ti6Al4V matrix composites (TMCs) with
advanced refractory nitride reinforcements were synthesized by spark plasma
sintering. The effects of single (3 wt.%) and double (1.5 wt.% each) rein-
forcements of nanograde hexagonal boron nitride (h-BN), titanium nitride
(TiN) and aluminium nitride (AlN) on the microstructure, phase constituents,
nanomechanical and tribological performance of the sintered TMCs were
investigated. Microstructure and phase analyses showed that sintered TMCs
consist of crack-free microstructures with practically no notable visible defects
or impairing intermetallic phases, suggesting that no adverse particle–matrix
interfacial reactions occurred during sintering. Nanoindentation and tribology
tests generally revealed remarkable improvements in hardness, elastic mod-
ulus and wear resistance through each reinforcement type on the sintered
TMCs in decreasing order of influence from 3 wt.% h-BN, to 1.5 wt.% of h-BN
and AlN, followed by 1.5 wt.% of h-BN and TiN, then 1.5 wt.% of TiN and AlN,
to 3 wt.% AlN and finally, 3 wt.% TiN.

INTRODUCTION

Spark plasma sintering (SPS) is one of the most
recent, high-tech and innovative non-conventional
sintering methods, uniquely different from other
powder metallurgy methods primarily by its heating
mechanism. SPS employs heating largely by electric
spark discharge (spark plasma) generated by low-
voltage and large-pulse direct current (Joule heat-
ing) plus a uniaxial pressure, which enables the
implementation of reduced sintering times because
of fast heating/cooling rates and small holding time
at sintering temperature, thereby suppressing pos-
sible microstructural coarsening.1,2 Thus, in

contrast to the conventional PM technology SPS
has been considered a true nonequilibrium process-
ing technique. Moreover, the ability to achieve quick
and efficient densification with slight grain growth,
improved microstructure and mechanical properties
of a large variety of materials—ceramic, polymeric,
metallic-based and many more materials—has
enabled SPS to take advantage of grain boundary
strengthening.3,4 Hence, the development of
nanocomposite materials exhibiting better densifi-
cation, excellent mechanical attributes like high
strength, high hardness etc., with fewer defects is
achievable by SPS technology.5

Refractory nitrides are a set of technologically
important ceramics defined by excellent combina-
tion of properties: specific property such as strength
(structural applications), high hardness and chem-
ical resistance (wear and corrosion applications),(Received July 14, 2022; accepted October 23, 2022;
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high-temperature stability and oxidation resistance
(high-temperature applications) and high thermal
conductivity and electrical insulation (semiconduc-
tor applications). Thus, refractory nitrides have
been applied in aerospace, automobile, surface,
high-temperature technology, electrotechnology,
electronics, chemical and metallurgical engineering
industries.6 These refractory nitrides include the
nitrides of Al, Si, Ti, B, V, Nb, Ta, Zr and Hf.7

Literature has reported successful fabrication and
impressive characteristics of metal matrix compos-
ites (MMCs) with refractory nitride reinforcements.
For example, the effect of varying additions of
reinforcements (3%, 6% and 9%) on the hardness
characteristics of hexagonal boron nitride (h-BN)
reinforced aluminium metal matrix composite fab-
ricated by stir casting technique was investigated
by Khatavkar et al.8 Results revealed that hardness
improved with increased additions of reinforce-
ments. The microstructure and wear behaviour of
titanium nitride-reinforced aluminium-based com-
posites made by powder metallurgy techniques was
studied by Mahesh et al.9 It was revealed that the
wear rate of developed composites increased with
increased load while an improvement in the wear
rate was observed with increasing reinforcement
additions from 5 wt.% to 15 wt.% in a step of 5 wt.%.
Similarly, the effects of reinforcement particles
consisting of 3 wt.% and 6 wt.% BN on the
microstructural variation, hardness and oxidation
resistance of commercially pure titanium (Cp-Ti)
developed by additive manufacturing process were
investigated by Avila and Bandyopadhyay.10 The
authors observed secondary phases like TiN and
TiB and reported an increase in the hardness of the
h-BN-reinforced Cp-Ti composites with increased
reinforcement content from 3 to 6 wt%. De Araugo
et al.11 also prepared Al matrix composites through
powder metallurgy practice with aluminium nitride
(AlN) and silicon nitride (Si3N4) reinforcements.
The greatest results of the Vickers hardness were
found to be directly proportional to the mass
fraction of the incorporated reinforcements.

Titanium alloys have attracted tremendous inter-
est for more than half a century. These alloys have
found applications as materials for aircrafts’ struc-
tural parts, maritime components, chemical plants
and biomedical implants because of their special
combination of properties: light weight, high
strength, good chemical resistance and biocompat-
ibility.12 Within the titanium alloy types in promi-
nent use to date, the dual phase (a + b) Ti6Al4V
titanium alloy presents overall top performance for
most-used weight reduction for most-used weight
reduction alloy, which accounts for more than half
of titanium alloy usage in aerospace production.
Thus, the alloy has been considered the workhorse
of the aerospace industry.13,14 Nonetheless, general
applications of the alloy have not been fully realized
because of its low resistance to localized plastic
deformation (or low hardness), which often

engenders severe impairment under extreme fric-
tion and wear conditions.15,16 The concept of the
design of titanium matrix composites (TMCs) with
advanced reinforcements such as refractory nitrides
has pioneered a new innovative materials develop-
ment approach with important superior properties
including improved hardness, specific strength,
wear resistance, specific stiffness, elevated temper-
ature stability and durability than its pure titanium
alloy counterpart. The development of TMCs began
in the aerospace industry and has been growing for
about 50 years now.12,16 Several previous studies
presented worthy achievements in TMCs reinforced
with refractory nitrides.4,12,17–19 However, the high
cost of synthesizing TMCs remains a hurdle to cross
to transition appropriately to practical commercial
production.16,20,21

TMCs can be produced through either continuous
(array of filaments or fibres) or discontinuous
(particles or chopped fibres) reinforcement types.
Unlike the discontinuously reinforced TMCs
(DRTMCs), continuously reinforced TMCs
(CRTMCs) come with directional dependence, which
makes them vulnerable through the vertical direc-
tion and carry the limitation of complex designs and
challenge of additional coating cost. On the other
hand, discontinuously or particulate reinforced
TMCs exhibit relatively lower mechanical proper-
ties but are of keen interest because of their lower
cost, ease of fabrication, great reproducibility and
more isotropic properties, allowing for a large
variety of reinforcement types.12,16,22 The combina-
tion of exceptional properties of Ti6Al4V and refrac-
tory nitrides, in conjunction with the tremendous
benefits of spark plasma sintering operation, a
state-of-the-art powder metallurgy technology as
earlier mentioned, suggests an interesting prospec-
tive means of developing DRTMCs with superior
properties.

Recently, the nanoindentation experiment has
been seen as a crucial non-destructive test proce-
dure for assessing the mechanical properties of
materials at low loads, shallow depths and small
scales.23,24 Nanoindentation is considered a better
alternative to the conventional macroscale mechan-
ical testing techniques because many tests can be
conducted on a small region more quickly and
precisely. Mechanical property testing by nanoin-
dentation technique has been effectively applied to
diverse materials such as polymers, ceramics,
alloys, compounds and composites, without damag-
ing the microstructural integrity of the materials
and removing the need for bulk materials and
standard geometries as normally required in con-
ventional mechanical testing. Besides, it enables
load–displacement data to be generated for the
derivation of a variety of mechanical properties,
especially hardness and elastic modulus. Thus,
nanoindentation is the most versatile and powerful
technique for assessing mechanical properties at the
nanoscale.25,26 The primary objective of this work
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was to assess the nanomechanical and tribological
performance of refractory nitride-reinforced tita-
nium alloy matrix composites developed by spark
plasma sintering of Ti6Al4V alloy matrix and
different additions of hexagonal boron nitride (h-
BN), titanium nitride (TiN) and aluminium nitride
(AlN) nanoparticles with specific focus on single (3
wt.%) and double (1.5 wt.% each) reinforcements as
the particulate constituents.

EXPERIMENTAL PROCEDURE

Materials Preparation

The starting materials in this study comprise the
commercially pure titanium alloy (Ti6Al4V ASTM
Gd5; 60 lm APS and> 99% purity supplied by TLS-
Technik GmbH and Co, Germany) as the matrix
material and nano-powders of h-BN, TiN and AlN
(100 nm APS and> 99% purity supplied by Hongwu
International Group Ltd., China) as the reinforcing
materials. Six sets of Ti6Al4V matrix powders of the
same weight measurement containing varying weight
percent (wt.%) of different reinforcements were mea-
sured in compliance with the stoichiometric propor-
tion: Ti6Al4V-3 h-BN, Ti6Al4V-3TiN, Ti6Al4V-3AlN,
Ti6Al4V-1.5 h-BN-1.5TiN, Ti6Al4V-1.5 h-BN-1.5Al
N, Ti6Al4V-1.5TiN-1.5 AlN and a control of pure
Ti6Al4V, with a weighing balance (Model EX10202,
Canada) of high precision accuracy of 0.001 g. The
weighed powders were mixed in a TURBULA shaker
mixer (Willy A. Bachofen CH-4132 Type T2F, Switzer-
land) rotating at a speed of 100 rpm for 10 h to achieve
standardized mixtures. While mixing, a couple of
small steel balls (� 8 mm diameter) were integrated
into the powder containers at 2:5 (ball to powder) to
impose a certain degree of deformation on the inter-
mixed powders and enhance uniformity.14,27

Spark Plasma Sintering Process

The illustration of the spark plasma sintering
process of the experimental samples is shown in
Fig. 1. The required quantity of the prepared pow-
ders to produce samples of the TMCs and control of Ø
30 mm by 10 mm dimensions was calculated, mea-
sured and poured in the graphite punch-die assem-
bly. The loaded punch-die assembly was secured in
the sintering chamber of the spark plasma sintering
system (8604 HHPD 25, SPS FCT Systeme GmbH,
Germany), and sintering was performed under a
vacuum atmosphere of about 4 Pa with constant
process parameters: temperature of 1000�C, pressure
of 30 MPa, heating rate of 100�C/min and dwell time
of 10 min, in line with a Taguchi design and opti-
mization experiment done previously.19 During sin-
tering, the upper and lower punches transmitted
applied pressure and pulsed direct current to the
powders, thereby combining both processes of com-
paction and consolidation in a unit operation. Mean-
while, the temperature of the samples undergoing

sintering was checked intermittently by using an
infrared pyrometer located 3 mm directly above the
surface of the sample. Later, the pressure of the
furnace was released, and the temperature level was
reduced to room temperature to end sintering. Sub-
sequently, sandblasting of the as-sintered samples
was conducted to eliminate unnecessary graphite
remnant sticking to the samples in preparation for
testing and characterization.

Microstructure and Phase Characterization

For microstructure characterization, metallo-
graphic samples were sliced into cuboid shape
(10 mm 9 10 mm 9 5 mm) by wire-cutting and
afterward resin-mounted. The samples were ground
with ‘‘P’’ grade grit papers ranging from 120 to 4000
and polishing was performed with suspension con-
taining DiaMaxx powder of particle sizes 9 lm,
6 lm, 3 lm and 1 lm to attain a mirror-like polish.
Etching of the polished samples was accomplished
with Kroll’s reagent (2 ml hydrofluoric acid; 5 ml
nitric acid and 100 ml water). The metallographic
examination of the etched samples was conducted
by using a scanning electron microscope (TESCAN
VEGA3, Czech Republic) combined with an energy-
dispersive spectroscope (SEM/EDS) operated at 20-
kV acceleration voltage and an optical microscope
(Olympus BX 51 TRF, Japan), respectively. For
phase characterization, the x-ray diffraction (XRD)
patterns of the samples were recorded by using
Philips PW1710 x-ray diffractometer model with
CuKa radiation (1.54060 Å wavelength) and the
diffraction angles (2h) were collected between 10�
and 90� (40 kV acceleration voltage) performed in
step mode (0.02� size). The phase identification was
performed with the aid of PANalytical X’Pert High-
score Plus in conjunction with OriginPro 2019b
software package. Subsequently, the individual
contributions of crystallite sizes and lattice strains
on the true peak broadening in the XRD diffrac-
tograms of the sintered samples were estimated by
using Williamson-Hall (W–H) plot method. Gaus-
sian function was effectively employed to fit the
broadening of the XRD peaks, and averages of seven
most intensive diffraction peaks were selected to
calculate the crystallite size and lattice strain. The
average crystallite size, L, of the samples is calcu-
lated from the full width at half maximum (FWHM),
bcrystalline, which is the peak broadening due to small
crystallite sizes measured on the diffraction profile
values by using Scherrer’s formula given in Eq. 1.28

Crystallite size;L ¼ Kk
bcrystalline cos h

ð1Þ

where K is termed the Scherrer constant (taken to
be 0.94), k is the CuKa radiation wavelength
(0.154060 nm), and h is the peak diffraction angle.
By rearranging Eq. 1, we get:
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bcrystalline ¼ Kk
L cos h

ð2Þ

On the other hand, the average lattice strain, e, of
the samples is calculated from the XRD data by
using Wilson’s formula given in Eq. 3.29

Lattice strain; e ¼ bstrain

4 tan h
ð3Þ

where bstrain is the peak broadening due to the
lattice strain and h is the peak diffraction angle. By
rearranging Eq. 3, we get:

bstrain ¼ 4e tan h ð4Þ

According to the W–H method, assuming that the
crystallite size and the lattice strain contributions
to the peak broadening in the XRD diffractograms
are independent of each other, the true broadening,
bhkl, is given by the sum of Eqs. 2 and 4 as follows:

bhkl ¼ bcrystalline þ bstrain ¼ Kk
L cos h

þ 4e tan h ð5Þ

By rearranging Eq. 3, we get:

bhkl cos h ¼ 4e sin hþKk
L

ð6Þ

Equation 6 represents a straight-line graph equa-
tion, where bhkl cos h is plotted against 4e sin h and e
is the slope of the line while Kk

L is the y-intercept. In
the study, W–H graphs for the sintered samples
were plotted and a linear fit of the scattered results

were taken. From the linear fit, L was estimated by
comparing the y-intercept with Kk

L in Eq. 6, and e
was estimated from the slope of the fit,
respectively.28,29

Nanoindentation Test

The nanomechanical performance of the TMCs
was assessed in accordance with ISO 14577 by using
an Anton Paar Nanoindenter (NHT) set up with a
Berkovich indenter. The nanoindentation test was
performed at a constant applied load of 200 mN,
penetration, holding and retracting time of 20 s. An
average of six to ten indentation measurements at
different points selected on the sample’s surface
were taken and recorded for each sample. The
nanoindentation technique was based on Oliver-
Pharr analysis, where hardness, H (in MPa), and
elastic modulus, E (in GPa), of the samples were
evaluated using Eqs. 7 and 8.25,30

H ¼ Pmax

Ac
ð7Þ

where Ac is the projected contact area between the
sample and the indenter at the maximum load Pmax

1

Er
¼ 1 � Vs2

Es
þ 1 � Vi2

Ei
ð8Þ

where Ei and Es are the elastic moduli of the
indenter and sample, respectively; Er is the reduced
elastic modulus, which has taken into consideration

Fig. 1. Illustration of the spark plasma sintering process.
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the individual contributions of Ei and Es, whereas vi
and vs are the Poisson’s ratio of the indenter and the
sample, respectively.

Tribology Test

Tribological properties of materials deal with the
different friction, wear and lubrication behaviour
tendencies of these materials when they are in
relative motion or subjected to different operating
conditions. The tribology test was performed by
using a TRB3 pin-on-disk tribometer (manufactured
by Anton Paar Tritec SA, Switzerland) at room
temperature with a rotary wear module. A Ø 10 mm
steel ball was used as a counter body of roller
against the samples. Three normal loads of 5 N,
10 N and 15 N were applied at a speed rotating at
150 rpm. The patterns of fluctuations of the coeffi-
cient of friction (COF), the average COF values and
the specific wear rates were observed for all the
samples throughout the test.

RESULTS AND DISCUSSION

SEM and Phase Analyses of the Starting
Materials

The SEM and XRD characterizations of the pow-
ders and sintered materials are key procedures
performed for adequate understanding of the pre-
liminary structures of the materials, the evolution of
various phases, sintering process reactions and the
mechanisms responsible for the materials’ proper-
ties. Figure 2(a–d) portrays the SEM photographs of
the powders used generally in this work consisting of
Ti6Al4V titanium alloy, h-BN, TiN and AlN. Fig-
ure 2a clearly shows spherical particles of Ti6Al4V
alloy, Fig. 2b reveals platy-hexagonal particles of h-
BN, Fig. 2c presents lumpy spherical particles of TiN
while Fig. 2d shows wurtzite-like particles of AlN.
Similarly, different patterns obtained from the XRD
characterization of thepowdersareshown in Fig. 2(a-d).
The XRD pattern obtained for Ti6Al4V titanium
alloy powder in Fig. 3a gives a vivid indication of
pristine a phase peaks appearing at the diffraction
angle, 2h = 35.09�, 38.42�, 40.17�, 53.0�, 62.95�,
70.66�, 76.22� and 77.37� equivalent to (100),
(002), (101), (102), (110), (103), (112) and (201)
planes, respectively, where there was no evidence of
other peaks conforming to any other phase. Fig-
ure 3b shows a very high-intensity peaks of crys-
talline hexagonal BN phase only occurring at
2h = 26.63�, 41.51�, 43.75�, 50.0�, 54.85�, 75.73�
and 81.93� matching (002), (100), (101), (102),
(004), (110) and (105) planes, representing an
average particle size of 100 nm produced via
isothermal annealing. Similarly, crystalline TiN
phase can be identified in Fig. 3c at 2h = 36.66�,
42.6�, 61.81�, 74.07� and 77.96� equivalent to (111),
(200), (220), (311) and (222) planes while clear peaks
of crystalline AlN phase can be seen in Fig. 3d
occurring at 2h = 33.22�, 36.04�, 37.92�, 49.82�,

59.35�, 66.05�, 69.73�, 71.44�, 72.63�, 76.45� and
81.1� matching (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202) planes.

SEM/EDS and Phase Analyses of the Sintered
TMCs

Figure 4(a–g) presents typical SEM and respec-
tive EDS photographs revealing the microstructural
formation and intensity peaks of Ti6Al4V alloy,
Ti6Al4V-3 h-BN, Ti6Al4V-3TiN, Ti6Al4V-3AlN,
Ti6Al4V-1.5 h-BN-1.5TiN, Ti6Al4V-1.5 h-BN-
1.5AlN and Ti6Al4V-1.5TiN-1.5 AlN sintered at
1000�C temperature, 30 MPa pressure, 100�C/min
heating rate and 10-min dwelling time, respectively.
A representative microstructure of the spark
plasma-sintered Ti6Al4V alloy is shown in Fig. 4a
with primarily two distinct phases comprising a and
b stabilized by the aluminium and vanadium con-
tents in the titanium alloy, respectively, as sup-
ported by the EDS spectra presenting the elemental
peaks of the plausible amounts. The primary lamel-
lar colonies of a phase can be observed having
different orientations as well, which is typical of a
a/b titanium alloy.31,32 On the other hand, based on
Fig. 4(b–g), obvious transformations are occurring
within the a/b alloy matrix. Different morphological
developments in the specific microstructure of each
TMC could be linked to the effect of different
additions of the refractory nitride reinforcement
types. The respective EDS spectra as can be seen in
Fig. 4(a–g), showing the elemental peaks of
expected compositions as a fair confirmation of the
inclusion of the nitride reinforcement particles in
the a/b matrix for all the TMCs.33 Figure 4b gives a
noticeable picture of h-BN particles uniformly dis-
tributed in the a/b alloy matrix, a desirable
attribute for better material properties. The
microstructures taken for the other two single
reinforcement types can be seen in Fig. 4c and d
for TiN and AlN, respectively, in the sintered TMCs.
There was a microstructural transformation from
the predominant lamellar colonies of a-Ti alloy
matrix to a bimodal structure largely consisting of
a distribution of a + b structures upon the addition
of 3 wt.% TiN reinforcement in Fig. 4c while Fig. 4d
displays a SEM photograph of coarsened AlN
mainly since the particulate reinforcement tended
to agglomerate, but was quite homogeneously dis-
tributed in the a/b alloy matrix. Figure 4(e–g)
presents the SEM images taken for double rein-
forcement type category of the sintered TMCs.
Distinct intermixture of double reinforcements in
a/b microstructure displaying thicker and longer
coarsened lamellar a phase in a b-matrix can be
observed in each photograph. For instance, Fig. 4e
reveals patterns of h-BN and TiN particles propa-
gated along the grain boundaries. Meanwhile, a
homogeneous intermixture of both reinforcements
of h-BN and AlN particle embedment can be seen in
Fig. 4f, and nearly the same pattern formation (as
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in Fig. 4f) is shown in Fig. 4g but with an appear-
ance of dendrite-like structure comprising basically
TiN and AlN particles.33,34 The SEM results
revealed that the sintered compacts are made up
of crack-free microstructures with practically no
notable visible porosities or other major defects that
may be detrimental to their ensuing properties.

The plots of the XRD characterization performed
on the spark plasma-sintered samples have been
stacked as shown in Fig. 5(a–g). For the sintered
Ti6Al4V titanium alloy in Fig. 5a, the XRD diffrac-
togram shows that only the a and b phases are
present.12,39 Close observation of other XRD plots is
shown in Fig. 5(b–g); diffraction peaks of a phase

Fig. 2. Typical SEM photographs of as-received powders: (a) Ti6Al4V (b) h-BN (c) TiN (d) AlN.

Fig. 3. Typical XRD patterns of as-received powders: (a) Ti6Al4V (b) h-BN (c) TiN (d) AlN.
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also appeared at certain positions including 2h–35�,
40�, 53�, 62� and 70� matching (100), (002), (101),
(102), (110) and (103) planes, respectively, probably
because all the sintered materials benefitted from a
mutual matrix. In addition to the peaks of promi-
nent a phases identified already in Fig. 5(b–g), other
secondary phases were detected as well. For
instance, the XRD pattern of Ti6Al4V-3 h-BN as
depicted in Fig. 5b shows the presence of phases of
BN occurring at 2h � 26.8� and 41.6�, titanium
boride, TiB, at 2h � 35.3� and 38.3�, vanadium
nitride, VN, at 2h � 42.2� and � 61.2� and AlN at
2h � 36.0�. Figure 5c, d and g shows the XRD
profiles of Ti6Al4V-3TiN, Ti6Al4V-3AlN and

Ti6Al4V-1.5TiN-1.5AlN, respectively, and that cer-
tain secondary phases are present at approximately
the same diffraction angles including TiN at 2h
36.6� and 42.6o and VN at 2h � 37.6� and 43.7�,

whereas AlN phase can be seen in Fig. 5g appearing
at 2h � 33.0� and 38.0�. Furthermore, characteristic
peaks of TiB phase were observed at 2h � 35.3� and
38.3�, TiN phase at 2h � 36.6� and 42.6�, VN phase
at 2h � 37.6� and 43.7� and BN phase at 2h � 43.3�,
respectively, in Fig. 5e, denoting Ti6Al4V-1.5 h-BN-
1.5TiN. Meanwhile, the XRD profile in Fig. 5f
representing Ti6Al4V-1.5 h-BN-1.5AlN shows the
peaks of AlB phase appearing at 2h � 37.0�, TiN
and BN phases at 2h � 43.3�, respectively. From the

Fig. 4. Typical SEM and EDS photographs displaying the morphologies and elemental peaks of as-sintered materials: (a) Ti6Al4V alloy (b)
Ti6Al4V-3 h-BN (c) Ti6Al4V-3TiN (d) Ti6Al4V-3AlN (e) Ti6Al4V-1.5 h-BN-1.5TiN (f) Ti6Al4V-1.5 h-BN-1.5AlN (g) Ti6Al4V-1.5TiN-1.5AlN.
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assessment of the XRD results, it is obvious that
impairing intermetallic phases that tend to
adversely affect material properties were not
detected, suggesting that no adverse reactions
occurred at the particle–matrix interfaces through-
out the sintering operation.

According to the XRD profiles of the powder
materials shown in Fig. 3(a–d) before sintering and
in comparison with the XRD profiles of the sintered
materials shown in Fig. 5(a–g), considerable reduc-
tion in the original relatively high peak intensities
of the Ti6Al4V alloy matrix and the reinforcement
nanoparticles comprising h-BN, TiN and AlN can be
observed, which is closely related to the broadening
of the XRD peaks of the sintered TMCs. This could
mainly be due to decomposition and thorough
dispersion of the particulate nano-reinforcements
on the Ti6Al4V alloy matrix during the intense
TURBULA mixing and sintering processes that
caused some microstructural modifications and for-
mation of secondary phases. The broadening of the
XRD peaks is indicative of the presence of nano-
sized crystals and a function of the crystallite sizes
and induced lattice strains in the sintered TMCs.35

It is equally important to note that the individual
effect of average crystallite size, L, and average
lattice strain, e, that resulted in the broadening of
the XRD peaks of the sintered samples were esti-
mated by using W–H approach. The W–H plots for
the samples were drawn and a linear fit of the
scattered results was considered. From the linear

fit, L was estimated by comparing the y-intercept
with Kk

L as given in Eq. 6, and e was estimated from
the slope of the fit. The results obtained are
presented in the graph in Fig. 6.28,29

From Fig. 6, the values obtained for the average
crystallite size of the sintered TMCs could be
observed to decrease in all cases compared to that
of the unreinforced titanium alloy with the highest
average crystallite size of � 67.35 nm. Thus, the
XRD peaks of the TMCs in Fig. 5(b–g) broaden out
compared to the sharp XRD peaks of the Ti6Al4V
matrix in Fig. 5(a). The apparent refinement and
variation in the crystallite sizes of the TMCs could
be due to the influence of the nano-sized particles of
the refractory nitride reinforcements which also
aided fast heating and cooling of the composite
samples during the SPS processing. According to
Eq. 9 depicting the Hall–Petch equation, as the
average crystallite size of the TMCs decreases, the
average grain diameter also decreases leading to the
increase in hardness and strengthening of the
TMCs.36

ry ¼ ro þ kd�1
2 ð9Þ

where ry stands for the yield stress, ro stands for the
original yield stress required to initiate plastic flow
at a grain boundary, k stands for the material’s
constant, and d stands for the average grain
diameter. Similarly, the slopes of the W–H plots
obtained are positive suggesting that tensile strains

Fig. 5. Typical XRD patterns of sintered materials: (a) Ti6Al4V alloy (b) Ti6Al4V-3 h-BN (c) Ti6Al4V-3TiN (d) Ti6Al4V-3AlN (e) Ti6Al4V-1.5 h-BN-
1.5TiN (f) Ti6Al4V-1.5 h-BN-1.5AlN (g) Ti6Al4V-1.5TiN-1.5AlN.
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are induced by the inclusion of the refractory nitride
nano-reinforcements in the lattice of the sintered
TMCs. Broadening of the XRD peaks and a slight
shift towards the lower diffraction angles on the left
side of the XRD diffractograms in Fig. 5(b–g) were
observed.37,38 The estimated average lattice strain,
e, can be noticed to vary in an inverse manner with
most of the average crystallite size of the TMCs. The
induction of lattice strain in the TMCs is an
indication of structural changes that can enhance
the free energy which could bring about improve-
ment in the mechanical properties.36,38

Nanomechanical Analysis of the Sintered
TMCs

In a bid to assess the nanomechanical perfor-
mance of the sintered TMCs, the comparison
between the nanoindentation load–displacement
and penetration depth-time curves derived by using
Oliver and Pharr method are presented in Fig. 7a
and b, respectively, while the comparison between
the nanoindentation hardness values and elastic
modulus values are presented in Fig. 7c and d,
respectively, for the titanium alloy matrix and
sintered TMCs subjected to 200 mN indentation
load. From the nanoindentation load–displacement
graph in Fig. 7a, a comparable loading and unload-
ing trend that is smooth without any pop-in effects
can be observed for all the tested samples, where
the load–displacement curves displayed an elastic–
plastic deformation behaviour.40 The region
between the loading–unloading curves of Ti6Al4V
alloy matrix appears wide with the largest displace-
ment which suggests that the alloy’s resistance to
plastic deformation is low, which is not unusual
because of the ductility of the titanium alloy.41

Additionally, the alloy matrix displayed the highest
penetration depth as shown in Fig. 7b. This implies

that the indenter’s tip penetrates the alloy matrix
with greater ease compared to the reinforced TMCs.
It is recognized that the extent of penetration depth
has correlation with hardness of the material. Thus,
the least nanoindentation hardness and elastic
modulus values of 5838 ± 322.63 MPa and
115.07 ± 3.63 GPa were measured for the alloy
matrix (see Fig. 7c and d).25,40 Furthermore, Fig. 7a
shows that the regions between the loading–un-
loading curves of the reinforced TMCs appear
narrow with a major shift towards the left which
indicates that the reinforcements effectively mini-
mize the displacements owing to the load sharing of
the TMCs.26,40 Meanwhile, the penetration depth of
the reinforced TMCs as shown in Fig. 7b reduced
drastically with time and this is true for all rein-
forcements, although to different extents. Contrary
to the unreinforced Ti6Al4V alloy with the maxi-
mum penetration depth of 1446.2 nm, the sintered
Ti6Al4V-1.5TiN-1.5AlN showed a decline in maxi-
mum penetration depth of 1055.3 nm which is the
highest among the sintered TMCs, while Ti6Al4V-
3 h-BN showed the highest resistance to the inden-
tation load with the least maximum penetration
depth of 495.6 nm. This suggests that there is a
massive reduction in the initial plastic deformation
behaviour of the titanium alloy upon reinforcement
and reasonably explains why the slope of the
loading and unloading curves of the TMCs
increased, where the slope of the unloading part of
the curve depicts stiffness which is closely related to
the elastic modulus of the materials.26 The
improved nanomechanical properties (hardness,
stiffness and elastic modulus) are mainly due to
the mechanism of load transfer from the Ti6Al4V
alloy matrix to the comparatively harder reinforce-
ment particles which induced dispersion strength-
ening acting as an effective hindrance to dislocation
motion.40,42

According to Fig. 7c and d, there is continuing
enhancement in nanoindentation hardness values
(8731 ± 455.68—63,908 ± 758.05 MPa) and elastic
modulus (155.46 ± 5.68—335.05 ± 4.05 GPa) of the
TMCs when compared with the unreinforced
Ti6Al4V alloy (hardness and elastic modulus values
of 5838 ± 322.63 MPa and 115.07 ± 3.63 GPa,
respectively). It can further be summarized that
the nanoindentation hardness value of Ti6Al4V-3 h-
BN (63,908 ± 758.05 MPa) is superior to the unre-
inforced Ti6Al4V alloy by 995%, about 632% above
Ti6Al4V-3TiN (8731 ± 455.68 MPa) and exceeds
Ti6Al4V-3AlN (11,832 ± 587.54 MPa) by 440% in
the single reinforcements’ category, whereas the
nanoindentation hardness value of Ti6Al4V-1.5 h-
BN-1.5AlN (60,775 ± 672.08 MPa) is approximately
941% superior to the unreinforced Ti6Al4V alloy,
about 105% above Ti6Al4V-1.5 h-BN-1.5TiN
(29,653 ± 559.11 MPa) and 411% more than
Ti6Al4V-1.5TiN-1.5AlN (11,898 ± 350.66 MPa) in
the double reinforcements’ category as portrayed
in Fig. 7c. Zhang et al.43 mentioned that the

Ti6A
l4V

Ti6A
l4V

-3h
-B

N

Ti6A
l4V

-3T
iN

Ti6A
l4V

-3A
lN

Ti6A
l4V

-1.
5h

-B
N-1.

5T
iN

Ti6A
l4V

-1.
5h

-B
N-1.

5A
lN

Ti6A
l4V

-1.
5T

iN-1.
5A

lN

30

40

50

60

70

80

90

 Average crystallite size, L
 Average lattice strain, ε

A
ve

ra
ge

 c
ry

st
al

lit
e 

si
ze

, L
 (n

m
)

0.008

0.009

0.010

0.011

0.012

0.013

0.014

0.015

 A
ve

ra
ge

 la
tti

ce
 s

tr
ai

n,
 ε

Fig. 6. Comparison between the estimated average crystallite size
and induced lattice strain of the sintered titanium alloy matrix and
TMCs.

Assessment of Nanomechanical and Tribological Performance of Refractory Nitride-Reinforced
Titanium Alloy Matrix Composites Developed by Spark Plasma Sintering

799



strength of a material is proportional to its hard-
ness. This implies that a material which possesses
higher hardness at the same time possesses higher
strength. Since the sintered TMCs in this study
have higher hardness than the common Ti6Al4V
alloy, the expectation is that the TMCs possess
enhanced strength as well.44 Similarly, the nanoin-
dentation elastic modulus value of Ti6Al4V-3 h-BN
(335.05 ± 4.05 GPa) is superior to the unreinforced
alloy by 191%, about 116% above Ti6Al4V-3TiN
(155.46 ± 5.68 GPa), and exceeds Ti6Al4V-3AlN
(179.05 ± 3.54 GPa) by 87% in the single reinforce-
ments’ category, while the elastic modulus value of
Ti6Al4V-1.5 h-BN-1.5AlN (318.1 ± 8.08 GPa) is
approximately 176% superior to the unreinforced

Ti6Al4V alloy, about 79% above Ti6Al4V-1.5TiN-
1.5AlN (177.58 ± 7.66 GPa) and 49% greater than
Ti6Al4V-1.5 h-BN-1.5TiN (213.02 ± 8.11 GPa) in
the double reinforcements’ category as presented
in Fig. 7d. Consequently, nanoindentation elastic
modulus depicted a similar trend in improvement as
the nanoindentation hardness values, meaning that
these nanomechanical properties are mutually pro-
portional for the tested materials.44 Moreover, it is
important to mention that the nanoindentation test
results showed that the different reinforcement
additions combined with the effectiveness of the
SPS consolidation technique have yielded a mean-
ingful improvement of the nanomechanical perfor-
mance (hardness and elastic modulus) of the a/b

Fig. 7. Comparison between nanoindentation. (a) Load–displacement graphs. (b) Penetration depth-time graphs. (c) Hardness values. (d)
Elastic modulus values of the titanium alloy matrix and sintered TMCs.
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titanium alloy matrix mainly due to the develop-
ment of good particle–matrix bonding and mecha-
nism of load transfer from the alloy matrix to the
harder reinforcement particles.25,45

Tribological Analysis of the Sintered TMCs

Following the assessment of the effects of single
and double reinforcement types consisting of h-BN,
TiN and AlN nanoparticles on the nanoindentation
hardness values of the sintered Ti6Al4V alloy
matrix composites, which is known to have an
important effect on tribological properties,46 the
changes in the COF and specific wear rates were
investigated and discussed in this section. Figure 8
shows the comparison of the variation of COF with
sliding time between the Ti6Al4V alloy matrix and
the TMC samples comprising of Ti6Al4V-3 h-BN,
Ti6Al4V-3TiN, Ti6Al4V-3AlN, Ti6Al4V-1.5 h-BN-
1.5TiN, Ti6Al4V-1.5 h-BN-1.5AlN and Ti6Al4V-
1.5TiN-1.5 AlN, specifically in the selected applied
load of 10 N as a representative change occurring in
the COF during the friction process while the
average COF of the unreinforced alloy matrix and
those of the TMCs as a function of the reinforcement
types under the applied loads of 5 N, 10 N and 15 N
are compared in Fig. 9. As displayed in Fig. 8, the
variation of COF values at the initial stage
described as the running-in period are quite distinct
with varying magnitudes for all the samples with
Ti6Al4V alloy matrix showing the highest magni-
tude of COF and relatively short running-in
period.47 At the steady-state period, the variation
in the COF values observed was reasonably stabi-
lized for all the samples and ranged between 0.02
and 0.48. Figure 9 clearly shows that the average
COFs of all the TMC samples are generally lower in
contrast to the unreinforced matrix alloy as the
applied normal load increased from 5 N toward

15 N. It is obvious (as shown in Fig. 9) that the
average COF varied directly from 0.28 ± 0.02 to
0.5 ± 0.035 for the unreinforced alloy, while a
similar trend can be observed for all the TMC
samples but at relatively lower values. In the binary
composite samples category, the average COF val-
ues for Ti6Al4V-3 h-BN varied from 0.08 ± 0.011 to
0.24 ± 0.021, Ti6Al4V-3TiN varied from
0.27 ± 0.015 to 0.46 ± 0.048 and Ti6Al4V-3AlN
varied from 0.23 ± 0.013 to 0.4 ± 0.03. Meanwhile,
for the ternary composite samples, the average COF
of Ti6Al4V-1.5 h-BN-1.5TiN varied from
0.18 ± 0.014 to 0.41 ± 0.026, Ti6Al4V-1.5 h-BN-
1.5AlN varied from 0.13 ± 0.011 to 0.32 ± 0.019
and Ti6Al4V-1.5TiN-1.5AlN from 0.17 ± 0.02 to
0.38 ± 0.034. By the assessment of the results, it
can be found that the highest set of values of
average COF were obtained for the unreinforced
alloy samples and the lowest set of average COF
values were obtained for Ti6Al4V-3 h-BN samples.
The extremely low average COF of 0.08 ± 0.011
recorded for Ti6Al4V-3 h-BN under the applied load
of 5 N gives an indication of the lubricity of the TMC
sample credited to the inclusion of smooth and
lubricious h-BN content.48 It can also be deduced
that the COF is generally connected to the funda-
mental interaction of asperities between the counter
bodies which in microscale tended to vary within a
specific range during the experimentation. This is
also the main reason why different variations on
COF were recorded for each sample with sliding
time.49 Moreover, the reinforcement nanoparticles
in the composites supported the applied load which
helped to reduce the contact point between the ball
and the counter bodies, resulting in lowering the
average COF and mitigated excessive scratch and
cut from the materials’ surfaces.

Figure 10 shows the comparison of the specific
wear rates between Ti6Al4V alloy matrix and the
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TMC samples under the applied normal loads of 5 N,
10 N and 15 N. As expected, the specific wear rates of
the unreinforced Ti6Al4V alloy sample at each
applied load of 5 N (3.391 ± 0.141 9 10�4 mm3/
Nm), 10 N (7.272 ± 0.32 9 10�4 mm3/Nm) and
15 N (8.25 ± 0.304 9 10�4 mm3/Nm) were higher
than those of the TMCs attributed to the relatively
low nanoindentation hardness value measured for
the alloy as shown in Fig. 7c, because less hard
materials typically demonstrate more wear than
their counterparts under the same frictional condi-
tions.50,51 The specific wear rates of the materials
increased linearly (see Fig. 10) as the load increased
generally but much more markedly with the applied
normal loads of 10 N and 15 N than 5 N for all
reinforcement types (both single and double cate-
gories). The results suggested that the Ti6Al4V alloy
matrix in the contact region underwent severe plastic
deformation under the co-influence of the compres-
sion and shear stresses which produced the relatively
large amount of wear obtained since the surface of
worn materials have the inclination to be rough
which predisposes the protective surface layers to
impairment. Meanwhile, the incorporation of the
harder reinforcement nanoparticles in the unrein-
forced Ti6Al4V alloy matrix reduced its ductility in
the contact region, therefore bringing about much
reduced wear.49 In addition, according to the recog-
nized linear Archard’s wear law, the specific wear
rate obtained is inversely proportional to the nanoin-
dentation hardness and directly proportional to the
applied normal loads:46

Q ¼ KW

H
ð10Þ

In Eq. 10 above, Q stands for the volume of the
worn material per unit sliding distance, W for the

applied load, H for the worn material’s hardness
and K for the coefficient of wear. From the wear
results obtained (as seen in Fig. 10), there is an
indication that specific wear rates tended to vary in
line with the Archard’s wear equation.

The wear mechanisms and morphologies of the
wear debris of the sintered samples at the end of the
wear experiment were further examined by SEM as
shown in Fig. 11(a–g). The wear mechanism as seen
on the unreinforced matrix alloy (see Fig. 11a)
originated from abrasive wear mainly generated
by plastic deformation and micro-cutting of the
ductile Ti6Al4V alloy matrix due to the steel ball
rubbing action on the surface.52,53 Further rubbing
in the absence of lubrication led to an increase in
the frictional force existing between the surfaces in
the contact region bringing about severe surface
failure attributed to inadequate resistance to adhe-
sive wear. Following this, high temperature was
generated, and loose wear debris was formed which
continued to incite wear. With more sliding, the
temperature increased and caused the wear debris
to be work hardened and welded to the wear track
surface of the matrix alloy.54 As shown in Fig. 11c,
d, e and g, the wear mechanisms of the TMCs and
the morphologies of the accumulated wear debris
observed are comparable to that of the unreinforced
matrix alloy and indicated that the wear mecha-
nisms are generally dominated by abrasive and
adhesive wear. On the other hand, Fig. 11b and f
showed more visible wear tracks on the TMCs with
less residual welded debris unlike the unreinforced
matrix and other TMCs with more debris volume
accumulated along the wear tracks. It seems the
reinforcement types play a significant role in deter-
mining the amount of wear debris. This is
attributable to the substantial improvement in the
wear resistance of the later TMCs through the
single (3 wt.% of h-BN) and double (1.5 wt.% each of
h-BN and AlN) reinforcements due to the influence
of the self-lubricating feature of the h-BN parti-
cles and enhanced hardness profiles exhibited (see
Fig. 7 c).

The wear mechanisms and the morphologies of
the wear debris of the sintered samples at the end of
the wear experiment were further examined by
SEM as shown in Fig. 11(a–g). The wear mecha-
nism as seen on the unreinforced matrix alloy (see
Fig. 11a) originated from abrasive wear mainly
generated by plastic deformation and micro-cutting
of the ductile Ti6Al4V alloy matrix due to the steel
ball rubbing action on the surface.52,53 Further
rubbing in the absence of lubrication led to an
increase in the frictional force existing between the
surfaces in the contact region bringing about severe
surface failure attributed to inadequate resistance
to adhesive wear. Following this, high temperature
was generated, and loose wear debris was formed
which continued to incite wear. With more sliding,
the temperature increased and caused the wear
debris to be work hardened and welded to the wear
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track surface of the matrix alloy.54 As shown in
Fig. 11c, d, e and g, the wear mechanisms of the
TMCs and the morphologies of the accumulated
wear debris observed are comparable to those of the
unreinforced matrix alloy and indicated that the
wear mechanisms are generally dominated by abra-
sive and adhesive wear. On the other hand, Fig. 11b
and f shows more visible wear tracks on the TMCs

with less residual welded debris unlike the unrein-
forced matrix and other TMCs with more debris
volume accumulated along the wear tracks. It seems
the reinforcement types play a significant role in
determining the amount of wear debris. This is
attributable to the substantial improvement in the
wear resistance of the later TMCs through the
single (3 wt.% of h-BN) and double (1.5 wt.% each of

Fig. 11. Representative SEM micrographs of the worn surfaces of the sintered samples (under an applied load of 10 N).
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h-BN and AlN) reinforcements due to the influence
of the self-lubricating feature of the h-BN particles
and enhanced hardness profiles exhibited (see Fig. 7 c).

CONCLUSION

In this work, particulate-reinforced TMCs made
up of Ti6Al4V alloy matrix combined with single
and double reinforcements, consisting of h-BN, TiN
and AlN nanoparticles, respectively, have been
developed via SPS technique. The effect of each
reinforcement type on the ensuing properties was
studied based on the microstructure, phase con-
stituents, nanomechanical and tribological perfor-
mance of the sintered TMCs, and conclusions are
inferred as follows:

1. The SEM results showed that sintered TMCs
consist of crack-free microstructures with prac-
tically no notable visible porosities or other
major defects that may be detrimental to their
ensuing properties. XRD results also indicated
that impairing intermetallic phases were not
detected suggesting that no adverse reactions
occurred at the particle–matrix interfaces
throughout the sintering operation. Meanwhile,
the nano-reinforcements promoted grain refine-
ment and broadening of the XRD peaks of the
sintered TMCs, facilitated by smaller crystallite
size and induced lattice strain. Thus, Ti6Al4V
alloy and TMCs with single reinforcements (3
wt.% each) and different intermixed (1.5 wt.%
each) reinforcements of h-BN, TiN and AlN
nanoparticles, respectively, with desirable
microstructures could be effectively synthesized
by SPS technique.

2. The nanomechanical test results revealed
remarkable improvements on the TMCs through
each reinforcement type and can be arranged in
decreasing order of influence from 3 wt.% h-BN,
to 1.5 wt.% of h-BN and AlN, followed by 1.5
wt.% of h-BN and TiN, to 1.5 wt.% of TiN and
AlN, then 3 wt.% AlN, and finally, 3 wt.% TiN.
The observed outcome was found to be mainly
due to the development of good particle–matrix
bonding and mechanism of load transfer from
the alloy matrix to the harder reinforcement
particles of the sintered TMCs.

3. The COF values and specific wear rates of the
sintered samples mostly increased with increas-
ing applied normal loads and the TMCs showed
general improvement in tribological properties
as the nanoindentation hardness values in-
creased by the incorporation of different rein-
forcement types.
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