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Abstract
The extensive application of titanium alloys is delimited as their erosion wear properties deteriorate when exposed to erosive and
harsh environments. The present research investigates the effects of TiN additions (2, 4, and 6 vol.%) on the Ti-6Al-4V alloy
prepared by spark plasma sintering technique. Erosion wear behaviour of the composites was investigated by high-velocity solid
particle erosion test and tribometer pin-on-disc friction module method. The duration of the test was 10 min, while the mass loss
of the sample was recorded after 2-min interval. The surface analysis and phase identifications of the sintered composites were
examined by optical microscopy (OM), scanning electron microscopy (SEM), and X-ray diffraction (XRD), respectively.
Microstructural analysis revealed a transformation from lamellar with β grain boundaries in Ti-6Al-4V alloy to bimodal struc-
tures upon addition of TiN nanoparticles. XRD patterns of the alloy indicated an increase in diffraction peaks from lower intensity
to high intensity with an increase in TiN nanoparticle content. Erosion is visible in Ti-6Al-4V alloy, 4 and 6 vol.% TiN, but less
severe with 2 vol.% TiN addition for all the test times. However, this is due to grain detachment of the hard phase regions between
the matrix and the reinforcing phase of the composites. The results showed the presence of micro-voids on the eroded surfaces. It
was found that Ti-6Al-4V alloy with TiN nanoparticle addition was resistant to erosion wear, while the recorded steady-state
friction coefficients for all the samples range from 0.2 to 0.4. However, an increase in microhardness values ranges from 342 to
513 HV0.1.
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1 Introduction

Titanium alloys remains a class of material that offers out-
standing properties, which makes them chosen over other ma-
terials in different applications such as aerospace, biomedical,
and other engineering fields [1]. Ti-6Al-4V alloys also known

as the workhorse of the titanium industry are used for struc-
tural materials owing to their excellent mechanical properties
which are characterized by high strength to weight ratio, high
corrosion resistance, and low thermal expansion [2].

However, it is quite evident that titanium alloys are faced
with several challenges of erosion and wear due to combus-
tion system and environmental factors occurring at high tem-
peratures [3]. It stated that atmospheric situation like volcano
ashes, sandstorms, and ice particles induce erosion and wear
damage on aero-engines [4]. Erosion resistance is a significant
thought in structuring many fundamental components made
out of Ti-6Al-4V alloy, for example, the blades and disks of
aeroplane compressors and gas turbines [5, 6]. Titanium and
its alloys do not have high protection from erosive wear as a
result of the generally low surface hardness [7, 8]. The most
extensive technique to deal with improving the mechanical
properties of titanium alloys is strengthening mechanism with
the reinforcement of secondary phases (ceramic particles) to
attain more hardness and strength [9–11]. Nevertheless,
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various ceramic materials have been used as the reinforcement
phase for titanium alloys to study the influence on physical
and mechanical properties [12, 13]. Introducing and reinforc-
ing a metal matrix with ceramic particles stand as a pinning
effect, a strong barrier for the movement of dislocations within
inside the grains and interface between the grains [14, 15]. The
processing method toward intensifying the matrix and rein-
forcement boundary plays a significant role in determining the
influence on the strength of the metal matrix composites [16,
17].

Erosion wear can be described as a removal of material
from the target material due to impacting solid particles on
the surface caused by mechanical interaction [18]. These fre-
quently arise at the surface of titanium parts, which is a sig-
nificant cause for failure that restricts the lifetime of compo-
nents during service [19]. It has been seen that the effects of
high-velocity particles on a substrate can instigate local harm
like scratching, melting, extruding, and propagation of crack
formation. These wear conditions rely upon a few boundaries
like substrate and erodent material, impacting angle, disinte-
gration time, particle velocity, temperature, and atmosphere
[4]. Different factors likewise affecting erosion wear are
erodent hardness, size, shape, velocity, impact angle, testing
conditions like temperature, and relative wetness. These are
characterized by ploughing, gouging, and pitting on the ma-
terial surface [20]. One of the properties of an erosive wear-
resistant material is high hardness and strength. It is worth
noting that titanium alloys exhibit relatively low surface hard-
ness and consequently they possess low wear resistance [21].
Hardness of a material depends on how the material has been
hardened and the material composition. Material with high
hardness value possesses high wear resistance [20]. In this
regard, TiN nanoceramic was used as a reinforcement material
to improve the hardness and wear properties of Ti-6Al-4V
alloy due to its outstanding mechanical properties such as high
hardness and strength [22]. By virtue of their small grain sizes,
nanocrystalline materials have high wear resistance attributed
to their high hardness and strength. Small grain sizes delimit
the traditional dislocation activities such as tangling, pileup
formation, and forest interactions by allowing plastic defor-
mation to occur being dominated by new mechanisms [23].

Avcu et al. [24] studied solid particle erosion behavior of
Ti6Al4V alloys and found that erosion rate increases by in-
creases in particle velocities and decreases by increases in
erodent particle size. Sahoo et al. research on effect of micro-
structural variation on erosion wear behavior of Ti-6Al-4V
alloy and report that among all four control factors, impact
velocity was the most significant controlling factor influenc-
ing the solid particle erosion wear of Ti-6Al-4V alloy, follow-
ed by impact angle, microstructural features, and size of
erodent [6]. On that note, different processing techniques were
used to amplify the erosive wear and physical and chemical
depositions have been used to improve the erosion resistance

of the alloy [25]. However, these methods become extricated
as their protection of the material surface was too shallow and
resulted in deterioration in erosion wear properties.

Metal matrix composites relate to the severity and rein-
forced with ceramic material provided by a metal matrix
[26]. Titanium and its alloys are widely used inMMC produc-
tion to improve its properties for usage in high-temperature
environments. However, the interface between the matrix and
the reinforcement is the critical region that is influenced dur-
ing the production process. If there is an inappropriate inter-
face, it can prompt the limiting of the composite properties.
The issues related with the interfaces are the interfacial rela-
tion, degradation of the reinforcement phase, and deficit of
wettability with the matrix phase [27]. Among these, the most
significant method to improve interfacial properties is spark
plasma sintering which was identified as a suitable method to
reinforce composite materials, to produce a homogenous and
high strength composite. Spark plasma sintering (SPS) is a
relatively novel powder metallurgical technique, which re-
quires less sintering time. SPS could produce near net shape
products, and fully dense microstructure with no grain growth
thereby controlling the microstructure and remain close to its
original grain size which further improved the mechanical
properties of the finished product [28, 29]. The process of
sintering at higher temperatures and holding time tend to pro-
mote the formation and growth of new phases in sintered
matrix composites [30]. Thus, in this study, spark plasma
sintering was used to consolidate Ti-6Al-4V alloy with
nanoceramic TiN, and further examine the erosive wear be-
havior of titanium-based composites reinforced with
nanoceramic TiN which was tested using high-velocity solid
particle erosion test.

2 Experimental procedure

2.1 Material and composite production

Titanium matrix composites used for this study were devel-
oped from Ti-6Al-4V alloys as the main matrix while TiN
nanoparticle serves as reinforcement phase which was sup-
plied by TLS Technik GmbH & Co., Germany, and
Nanostructured & Amorphous Material Inc., TX, USA re-
spectively. The powders were mechanically mixed using a
Turbula T2F shaker mixer at a mixing speed of 49 rpm for
8 h in a dry condition for proper dispersion of the composite
materials to diffuse in each other. The reinforcement compo-
sition was 2, 4, and 6 vol.% TiN nanoparticles.

The admixed powders of different compositions of Ti-6Al-
4V alloy and TiN nanoparticle were sintered using spark plas-
ma sintering (SPS) system model HHPD 25 manufactured by
FCT, Germany. Ti-6Al-4V-TiN nanocomposites with die di-
mensions of 40-mm diameter and 5-mm thickness were
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produced. The optimized sintering parameters were carried
out at a temperature of 1100 °C, the pressure of 50 MPa, a
heating rate of 100 °C/min, and holding time of 30min, which
was used to sinter the materials in a vacuum. Metallography
analysis was performed by various methods using grinding,
polishing, and etching with Kroll’s chemical reagent as etch-
ant in order to reveal the microstructure of the sintered titani-
um matrix composites. Microstructural analysis was per-
formed using field emission scanning electronic microscope
(JEOL JSM-7600F) equipped with energy-dispersive x-ray
spectroscopy (EDS) and a Zeiss optical microscope. X-ray
diffraction was done using a PW1710 Philips diffractometer,
with monochromatic Cu target Kα radiation at 40 kV and
40 mA while phase identification was done to identify the
constituent phases in the sintered composites. The microhard-
ness test of the sintered composites was characterized using a
Vickers tester (FALCON series) on the polished surface under
an applied load of 100 gf and dwell time of 15 s at ambient
temperature.

2.2 Erosion wear evaluation

In this study, the solid particle erosion tests were conducted
using a high-velocity solid erosion test as per ASTM G76
standard. The Ti-6Al-4V alloys with a different fraction of
TiN (2, 4, and 6 vol.%) were used to study erosion wear
behaviour at room temperature (25 °C). Alumina was used
as an erodent particle. The erosion tests were performed at
different times which are 2, 5, 8, and 10 min, respectively, at
an incident angle of 90° and particle velocity of 20 m/s. Each
test was tested at least four times for different testing times.
The sintered composites were cleaned using acetone, dried,
and weighed to an accuracy of 0.1 mg using an electronic
weighing balance before and after each erosion test. The erod-
ed samples were weighed after each test to observe the chang-
es in the weight loss of the sintered composite due to erosion.
Wear tracks and wear depth of the eroded surfaces were eval-
uated using scanning electron microscopy (SEM) and confo-
cal microscopy. Figure 1 shows a pictorial diagram of a solid
erosion test which was used to conduct this experiment.

3 Results and discussion

3.1 Microstructure observations

The typical microstructure of Ti-6Al-4V alloy consists of an
alternating layer of alpha/beta phases, also known as the la-
mellar structure [31]. Figure 1a–d show a microstructure of
Ti-6Al-4V alloy with and without TiN nanoceramic observed
under an optical microscope. In respect to what other re-
searchers have discovered, it was observed that the micro-
structures were comprised of the alpha/beta phases. The pres-
ence of Al and V in titanium has led to the concurrent exis-
tence of alpha and beta phases in the microstructure [32]. It
was also evidenced that there was a transformation in micro-
structure from lamellar to a bimodal microstructure as shown
in Fig. 2c–d. It is worth noting that there was a reduction in
grain size as the microstructure changes from lamellar to
biomodal structure. It could be inferred that the reduction in
grain size was attributed to the presence of TiN on the grain
boundaries [23]. When TiN nanoparticle is added into Ti-6Al-
4V alloy, it locates into the grain boundaries, thereby blocking
the stepwise movement of dislocation from one grain to an-
other. As a result, the grains are inhibited to grow to larger
extends and the resultant microstructures are evidenced.

Figure 3a–d give SEM images of Ti-6Al-4V alloys and
those with TiN nanoparticles. The results validate what was
already observed through the optical microscope. The images
show an alternating layer of alpha and beta phases on the pure
Ti-6Al-4V alloys, whereas alloys strengthened with TiN
nanoparticle show a relatively homogenous distribution of
TiN nanoparticles in the microstructures with interface be-
tween the alloy and nanosized particles taking place during
spark plasma sintering operation [12]. However, sintering of
Ti-6Al-4V over the alpha and beta transformation temperature
will bring about grain development regardless of the heating
and cooling rates’ condition [33]. Figure 4 shows XRD pat-
terns of the alloy indicating an increase in diffraction peaks
from lower intensity to high intensity with an increase in TiN
content [30, 34] confirmed that the nitrogen which is an alpha
stabilizers reacts with Ti, thereby increasing more chances of
forming an alpha phase; hence, broader diffraction peaks are

Sample
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Fig. 1 Typical setup of a high-
velocity solid particle erosion test
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observed as TiN content is increased. However, it was ob-
served that the peaks shift slightly in 2θ diffraction angles
which could be attributed to internal stresses generated during
spark plasma sintering and X-ray absorption effect [12].
According to Falodun et al. [35], sintering at high temperature
causes substantial nitrogen diffusion and consequently
prompts phase transformation from TiN to Ti2N. XRD con-
firm the presence of α and β phases and no unwanted phases
were created. It is indicative of the fact that sintering at a
higher temperature above the α-β transus temperature ad-
vances some structural and phase evolution of the titanium
matrix composites. However, the transformation of TiN to

Ti2N phase will help to enhance the strength and hardness
and prevent deterioration during the use of the composite.

3.2 Volume loss of the sintered composite

In this regard, the erosion wear behaviour of Ti-6Al-4V/TiN
composites was evaluated as a function of mass loss against
TiN volume fraction. Figure 5 illustrates a diagram of average
mass loss versus time. It is apparent that erosion is more pro-
nounced in Ti-6Al-4V with 4 and 6 vol.% TiN, but less severe
with 2 vol.% TiN addition for all the test times. These could
exhibit that there was grain detachment of the hard phase areas

10 μm 10 μm 

10 μm 10 μm 

a b

c d

Fig. 3 SEMmicrographs of spark
plasma-sintered samples of Ti-
6Al-4V alloy with TiN
nanoparticle addition: a Ti-6Al-
4V alloy, b 2 vol.%, c 4 vol.%,
and d 6 vol.%

10 μm 10 μm

10 μm 10 μm

(a) (b)

(c) (d)

Fig. 2 Optical micrographs of
sintered titanium matrix
composites with TiN nanoparticle
addition: a Ti-6Al-4V alloy, b 2
vol.%, c 4 vol.%, and d 6 vol.%
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dependent on the reinforcement fraction of the composites.
Also, samples with higher hard phase reinforcement addition
had some porosity. The porosity deteriorates the interfaces
between the matrix and the reinforcing phases. The discharge
of hard particles can start adding three-body wear mechanisms
bringing about severe wear [36]. Russias et al. [37] reported
that TiN addition below 6 vol.% improves the mechanical
properties while above leads to deterioration in the mechanical
properties. However, it was observed that as the nitrogen con-
tent goes high, the mechanical properties such as electrical
resistivity and heat conduction increase, whereas the hardness
decreases [38].

Figure 6 show micrographs of the eroded surfaces of Ti-
6Al-4V with TiN nanosized composites at different test times.
The microstructure of the eroded surfaces demonstrated circu-
lar pits growing outwards the centre with an increase in test
time. The estimated final diameter of Ti-6Al-4V alloy was 9.8
mm; then, it reduces to 8.20 mm as the TiN content increases
to 2 vol.% TiN. Subsequently, the diameter of the eroded
surface expands to 10.63 mm at Ti-6Al-4V + 4 vol.% TiN

then reduces to 10.51 mm at Ti-6Al-4V + 6 vol.% TiN. The
erosive wear of metal brought about by plastic distortion was
essentially affected by the wear coefficient, the material thick-
ness, the erodent speed, and the hardness [39].

3.3 Erosion surface characterization

Figure 7a–d present the morphology of the eroded surface
samples. This study assists in determining the mechanism
responsible for the loss of material during the erosion test.
Figure 7a–d show that the presence of micro-voids was ob-
served on the eroded surfaces. Several mechanisms contribut-
ed to the removal of material during erosion of the titanium
composite which includes ploughing, pileup directing to
platelet formation and separation, and lip fragmentation which
were the primary mechanisms of material loss during the ero-
sion test [5, 6]. However, it was observed that when TiN
content increases, erosion was dominated by plastic deforma-
tion [18] because erosion mechanisms of composite contain in
the plastic deformation of the reinforcement phase and the
brittle fracture of ceramic grains [39]. Thus, the process of
erosion degrading in composite begins particularly in the re-
inforcement phase due to the relatively low strength of ce-
ramics [40, 41]. The influence of erodents on the composite
causes the strength of affecting particles which has been
absorbed by the plastic matrix phase, thereby bringing about
the removal of ductile phase [42]. The confocal analysis is
represented by a combination of colours. The blue colour
represents the lowest depth at which erosion has taken place
whereas the red colour shows the surface onwhich erosion has
taken place. Therefore, it can be concluded from the colour
coding that erosion wear scar was more dominant in the cen-
tral zone of the surface and produced slowly outward the
surface. This shows a clear pattern of plastic deformation
damage including low-angle directional ploughing leading to
directional plastic deformation of the surface [43].
Furthermore, erosion was more pronounced in Ti-6Al-4V +

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

2 4 8 10

Av
er

ag
e 

m
as

s l
os

s (
g)

Time (min)

Ti-6Al-4V

Ti-6Al-4V +2TiN

Ti-6Al-4V +4TiN

Ti-6Al-4V +6TiN
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Fig. 4 XRD pattern of spark plasma-sintered titanium matrix composite
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4 vol.% TiN (974.721 μm) and shallower at Ti-6Al-4V + 2
vol.% TiN (933.361 μm).

3.4 Wear behavior of sintered composite

When two bodies slide against each other under applied force,
the force opposing the smooth movement of the surfaces is
said to be friction force. It depends on the roughness and the
material inspected. The reduced friction means the contact
between the two surfaces is less, and hence, less wear results.
Coefficient of friction can be described as the value obtained
when the friction force between two bodies is calculated.
Figure 8a–d below distinguishes wear behaviour as a function
of coefficient friction against time. It indicates that friction
coefficient decreases with TiN content and further increases
when the TiN content goes to 6 vol.%. As revealed in Fig. 8a–
d, the recorded steady-state friction coefficients for all the
samples range from 0.2 to 0.4. This could also be explained
by the high percentage mass loss that occurred in Ti-6Al-4V +
6 vol.% TiN when compared with other composites. It is ob-
served that the average mass loss reduces when the TiN vol-
ume fraction increases by 2 and 4 vol.% respectively.
Subsequently, the fluctuation behavior of the friction

coefficient average mass loss increases when the TiN is in-
creased to 6 vol.%. It could be deduced that the increase in
TiN addition improves the wear resistant of Ti-6Al-4V alloy
to 4 vol.%, above which the wear properties starts to deterio-
rate. Review of related literature reported that better wear re-
sistance could be achieved when the introduction of ceramic
strengthening is increased as a result of improvement in the
composite hardness values. Russias et al. [37] confirmed that
addition of TiN improves the mechanical properties upon
some certain percentage, and further addition could lead to
deterioration in the material properties. The formation and
presence of tribolayer causes an increase in the coefficient of
friction in Fig. 8d, which hinders real contact to occur within
the composite and the counterface material. Also, increase in
coefficient of friction could be caused by TiN sticking out
from the titanium matrix composite during the contact and
sliding against each other by this means increases the coeffi-
cient of friction [44].

3.5 Microhardness test

Hardness of a material is defined as the resistant of a material
to indentation which load is applied on a given area [45]. It

(a) (b)

(c) (d)

Fig. 6 SEM micrographs of the
eroded surface at test parameters
of 10 min at 90° incident angle: a
Ti-6Al-4V alloy, b 2 vol.% TiN, c
4 vol.% TiN, and d 6 vol.% TiN
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was discovered that hardness is strongly dependent on the
physical and structural sizes of a crystalline material. On the
other hand, it is worth noting that the morphology of pileups
during indentation could cause lower penetration depth and
eventually high hardness values [46]. However, in a hetero-
geneous material, the location of indents in the microstructure
determines the final hardness value of a material and it was

also stated that at high load will certainly lead to high hardness
values [47]. However, high hardness values are mainly due to
small grain sizes, which could be attributed to the difficulties
with which a dislocation needs to move from one point to
another [48, 49]. Generally, the microhardness values of the
sintered titanium matrix composites were higher than those of
the unreinforced Ti-6Al-4V alloy from 342 to 513 HV0.1.

100 μm

100 μm

(a)

(b)

Ploughing and micro-voids

Plas�c deforma�on

100 μm

(c)

100 μm

(d)

Fig. 7 SEM micrographs of the
eroded titanium matrix
composites material with
corresponding confocal analysis
(a) Ti-6Al-4V alloy, (b) 2 vol.%
TiN, (c) 4 vol.% TiN and (d) 6
vol.% TiN
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This shows that the addition of TiN nanoparticles certainly
improved the hardness of the sintered composites as shown
in Table 1. The increase in hardness could be credited to the
uniform dispersion of TiN nanoparticles and formation of
harder phase (Ti2N) in Ti-6Al-4V alloy.

4 Conclusion

In this study, the effect of titanium nitride addition on the
microstructure, hardness, and erosion wear behaviour of spark
plasma-sintered Ti-6Al-4V alloy was investigated. The con-
clusions were summarized as follows:

1. The microstructural evolution indicated that the presence
of TiN in Ti-6Al-4V led to a transformation from alpha/
beta lamellar to bimodal microstructure. The change in
microstructure was attributed to TiN nanoparticle on the
grain boundary acting as a dislocation barrier, thereby
inhibiting grain growth, while XRD patterns of the
sintered composite show an increase in diffraction peaks
upon addition of TiN nanoparticle content. However,
sintering at a temperature above the α-β transus temper-
ature promotes the phase evolution of the titanium matrix
composites.

2. In erosion wear, average weight loss of Ti-6Al-4V re-
duces with an increase TiN up to 2 vol.% TiN; then, an
increase at 4 vol.% TiN followed by a decrease at 6 vol.%
TiN. The grain detachment of the hard phase areas, which
is dependent on the reinforcement fraction of the compos-
ites, resulted in the decrease.

3. The diameter of the erosion wear tracks was observed to
be increasing with TiN addition. The average eroded sur-
faces were dominated with ploughing, micro-voids, and
pileup directing to platelet formation of the sintered com-
posite material loss during erosion test.

4. There is an indication that coefficient of friction decreases
with TiN nanoparticles and further increases when the

(a) (b)

(c) (d)

Fig. 8 Coefficient of friction against time of sintered composites: a Ti-6Al-4V alloy, b 2 vol.% TiN, c 4 vol.% TiN, and d 6 vol.% TiN

Table 1 Hardness values of the sintered composite

Materials Microhardness (HV0.1)

Ti-6Al-4V 342.6

2 vol.% TiN 378.3

4 vol.% TiN 467.8

6 vol.% TiN 513.9
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TiN content goes to 6 vol.%, which is due to formation
and presence of tribolayer that hinders real contact to oc-
cur within the counterface use and the composite material.

5. The titanium alloy reinforced with TiN nanoparticles sig-
nificantly increases the hardness values in the matrix. The
main reason for microhardness increase was due to dis-
persion strengthening and second phase formation, which
is of harder phases (Ti2N) in the titanium matrix
composite.
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