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Alloys from the Ti-Al-Mo ternary system are of high importance in aerospace applications due
to their excellent specific strength-to-density ratio, excellent corrosion, and creep resistance up
to 600 �C. However, their sliding wear behavior has not been adequately explored. Cp-Ti and
Ti-xAl-1Mo (x = 3, 5, 7) based near-alpha titanium alloys were successfully compacted by
spark plasma sintering. The effect of Al addition on the densification, microhardness, and wear
behavior of the developed alloys was studied. Results from the experiment showed that all
compacts were almost fully densified. An increase in the value of the microhardness was
recorded from 208 ± 10 to 352 ± 17 HV as the Al content increased. Al additions played an
important role in the wear performance of the sintered alloy as detected from the coefficient of
friction obtained with the sliding time and varying normal load. The alloyed Ti compacts had
improved wear resistance. The wear rate values of alloyed compacts were 14 to 48.54 pct lower
compared to the sintered Cp-Ti compacts tested as the Al content increased. The best wear
resistance was observed for Ti-7Al-1Mo. Scanning electron microscopy micrographs,
energy-dispersive spectroscopy, and wear debris show that the major wear mechanism detected
was adhesive wear.
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I. INTRODUCTION

FABRICATION of new and improvement of existing
structural materials properties have been identified as
the pertinent issue facing technological development and
advancement globally. Technology is evolving rapidly,
adapting to global industrial requirements such as the
usage of structural materials in extreme conditions of
which sliding wear is a major one. Titanium alloys are
used widely in aerospace, shipbuilding, and chemical
industries because of their unique properties, which
entail high specific strength, excellent corrosion resis-
tance, high thermal stability, and good mechanical

properties at elevated service temperature.[1–5] However,
the wider usage of these materials in applications that
require sliding is restricted as a result of their poor wear
resistance.[6–12] This is attributed to the inability of
titanium alloys to be highly resistive to plastic shearing
and also to the low protection to surface oxide (formed
as a result of frictional heating induced by high flash
temperatures) during unlubricated sliding.[13] High coef-
ficient of friction (COF), low resistance to abrasion, and
serious adhesive wear are the characteristics of the
deficient tribological behavior of titanium alloy.[7] There
have been different proposed approaches by researchers
to enhance the tribological properties of titanium alloys.
In recent years, alloying elements, such as a stabilizers

(Al, O, C, N), neutral elements (Zr, Sn), or b stabilizers
(Mo, V, Nb), or the combination of these (even in small
percentages), have used with commercially pure tita-
nium (Cp-Ti) to alter its microstructure, hence improv-
ing room-temperature mechanical properties.[3,14,15]

Among all variants of titanium alloys, near-alpha
titanium alloy is the one candidate material that
combines the a alloy excellent creep behavior with the
a+ b alloy high strength at temperatures above
400 �C.[3,16] The Ti-Al-Mo system is characterized in
that it has Al, regarded as the most important and
widely used element, which can extend the a-phase field
to a higher temperature, and also Mo, which is higher in
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beta phase stabilizing capability than any other transi-
tion element.[17] Mo atoms in a-Ti grains tend to
enhance workability and improve the tribological
behavior of Ti-based alloys while keeping their hardness
at a very high level. Near-alpha contains a weight
fraction of about 1 to 2 pct b stabilizers, which
introduces the b phase of about 5 to 10 pct into the
alloy at ambient temperature.[3,15] There is the enable-
ment of two-phase strengthening through alteration
over the two phases’ scale, structure, and arrangement
due to the presence of the b phase; these made them
largely used in the compressor section of aeroengines.

Spark plasma sintering (SPS) is usually used in the
fabrication of complex geometry parts such as gears and
structural parts. The technique entails synthesis and a
process that makes bonding/sintering of metal powders
possible at low sintering temperatures and a short time
by the use of electrical energy to generate plasma and
charge the spaces between powder particles, efficiently
applying pressure at high temperature.[18–20] SPS is
preferred to conventional methods of powder metal-
lurgy due to its operational ease, effective reproducibil-
ity, safety, short sintering time, and reliability.[18,21] In
the SPS technique, a spark is discharged at the gap
between the powder particles, generating a local
high-temperature state; this causes the powder particles’
surface to evaporate and melt to transform into a fully
dense composite. The possibility of consolidating micro-
or nanopowders in SPS without excessive grain growth
is attributed to the high rate of heating, short sintering
time, and the temperatures involved.[22]

Several kinds of research have been undertaken to
study the wear mechanisms of titanium alloys. Obadele
et al.[23] investigated the wear behavior of Ti6Al4 V by
the addition of ZrO2 reinforcement under varying loads;
it was established that ZrO2 addition refines the
microstructure and increases the hardness, reduces the
friction coefficient, and enhances the Ti-6Al-4 V alloy
wear resistance fabricated under the same condition.
Molinari et al.[24] studied the wear resistance of
Ti-6Al-4 V using the disk-on-disk dry sliding tester, by
varying the sliding speed and normal load conditions.
They discussed that titanium alloys’ poor wear resis-
tance can be ascribed to the low resistance to plastic
shear, low work hardening, and low protection provided
by the surface oxide (produced by friction-induced high
flash temperatures during the process of sliding).
Chauhan and Dass[25] investigated Ti-6Al-4 V alloy
wear behavior under unlubricated sliding conditions and
highlighted the mechanisms involved under varying
applied normal force, sliding distance, and sliding speed
setup. There was an increase in the specific wear rate as
the normal applied force and speed increased and a
specific wear rate decrease as the sliding distance
increased or as the sliding speed decreased. Chowdhury
et al.[26] reiterated the fact that the mechanism of friction
coefficient and wear rate is affected by several interfacial
conditions: normal load, sliding speed, sliding distance,
geometry, material type, temperature, relative surface
motion, rubbing surfaces roughness, system rigidity,
lubrication, humidity, stick-slip, and vibration.

Titanium alloys from the Ti-Al-X (where X is a b-Ti
stabilizer) ternary system possess excellent mechanical
properties and machinability combination and are
mainly used in aerospace, biomedical, and petrochem-
ical applications.[27] However, most of the studies on
wear have focussed more on Ti-6Al-4V, and there have
been few or no reports on the wear behavior of alloys
from the Ti-Al-Mo system against the alloy steel ball.[25]

Mo is a better b-Ti stabilizer, cheaper, and nontoxic
element relative to V.[27] Therefore, research in the
development of alloys from the Ti-Al-Mo ternary
system will broaden the application of titanium alloys
in areas where wear resistance is of utmost priority. This
study investigates the influence of applied normal load
and Al addition on the microstructure, phase transfor-
mation, hardness, and dry sliding wear behavior of
spark-plasma-sintered Ti-xAl-1Mo alloy.

II. MATERIALS AND METHODS

A. Materials and Sample Preparation

The starting materials used in the experiments were
Cp-Ti, Al, and Mo powders, whose compositions are
shown in Table I. Cp-Ti and Ti-xAl-1Mo (x = 3, 5, 7)
samples were consolidated using the SPS machine
(model HHPD-25 FCT type SPS equipment, Germany).
The sintering was done in two stages. Stage 1 sintering
was done at temperatures of 800 �C, 1000 �C, and
1100 �C to optimize the sintering temperature for Cp-Ti,
while stage 2 sintering was done at the optimized
temperature to sinter Cp-Ti and Ti-xAl-Mo compacts.
All samples were sintered at a heating rate of 100 �C/
min, pressure of 50 MPa, and holding time of 10
minutes under a vacuum condition of 10�2 torr
throughout the experiment. Before the sintering process,
a plastic bottle containing up to 20 pct volume of
Ti-xAl-Mo powder was subjected to mixing in a turbula
mixer (WAB TURBULA SYSTEM SCHATZ) chamber
at 49 rpm for 8 hours to achieve homogeneity of the
mix. The scanning electron microscopy (SEM) micro-
graph and energy-dispersive spectroscopy (EDS) of the
Ti-7Al-Mo powder mixture are shown in Figure 1 to
confirm the even distribution of the mixed powders.
Thereafter, Cp-Ti powder was loaded into a 20-mm
inner diameter graphite die pressed at both ends with
graphite punches, and the same was done for the
admixed Ti-xAl-1Mo powder. After sintering, the spec-
imen was left in the sintering machine to cool before
removal at room temperature. Surface graphite con-
taminations were removed from the sintered compacts
by sandblasting.

B. Sintered Sample Characterization

The densities of the compacts were obtained using
Archimedes’ principle. The relative densities were cal-
culated by comparing the measured densities with the
theoretical densities (using the rule of powder mixture)
of the compacts. The specimens for the microhardness
test were prepared using typical metallographic
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procedures for Ti alloys. A Vickers microhardness tester
(FUTURE-TECH FM 800) was used for the microin-
dentation test of the compacts’ polished surface at room
temperature using a load of 1 Kgf and dwell time of 15
seconds. The average result of 10 indentations on each
sample was used as the hardness value of the sample.

C. Dry Sliding Wear Test

The tribology studies were carried out using a RTec
universal tribometer (MFT-5000) with a reciprocating
wear drive to compare different loads since load plays a
major role in the wear properties of materials. An alloy
steel grade ball with a diameter of 6.35 mm was used for
counterface rubbing against the compacts. Varying
loads of 15, 25, and 35 N were applied at a speed of
4 mm/s, length of 5 mm, for 600 seconds under unlu-
bricated conditions at ambient temperature. Samples to
be tested were secured inside the wear chamber and the
alloy steel graded counterface ball was mounted on the
steel ball holder of a suspension system. The recipro-
cating sliding friction test done on each sample at a
particular set of conditions was repeated 3 times, and
the wear volume calculated was based on the average
value. The control of the load was made possible by a
highly sensitive sensor, which also records the normal
load (F) as time progresses. The wear track depth (d)
and COF were also monitored and recorded from the
tribometer setup. The wear test samples were prepared
based on the ASTM G133-05(2010) specifications.[28] At
the inception of each test, the surfaces of the ball and
sample were wiped with acetone to remove any possible

solid contaminants. The schematic diagram of a recip-
rocating wear tester is shown in Figure 2.

D. Microstructural Characterization of Wear Sample

The wear scar and debris were evaluated using a
visible light microscope (for wear scar measurement)
and an SEM (JEOL* JSM-7600F) equipped with EDS.

III. CALCULATION

A. Wear Volume and Rate

The wear scar length and width were measured using
optical microscopy at the end of each test. Figure 3
shows two-dimensional (2-D) and three-dimensional
(3-D) schematics representation of the wear track on
the sample surface. The scar created by the wear is made

Fig. 2—Schematics of a reciprocating wear tester.

Fig. 1—SEM micrograph and EDS of Ti-7Al-1Mo admixed powders.

Table I. Description of Elemental Powders

Sample Particle Size (lm) Purity (Pct) Density (g/cm3) Melting Point (�C)

Cp-Ti 1 to 25 99.8 4.5 1670
Al 1 to 25 99.5 2.7 660
Mo 2 to 4 99.9 10.28 2623

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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up of three sections, two portions of a spherical cut at
the ends with radius r and a cylindrical surface cross
section, b is the width, d is the depth, and Lb is the wear
scar stroke length. The wear volume removed from the
sample surface and the wear depth, d, can then be
calculated using Eqs. [1] and [2], respectively, formu-
lated by Qu and Truhan.[29,30]

V ¼ Lb r2 arcsin
b

2r

� �
� bðr� dÞ

2

� �
þP

3
d2ð3r� dÞ ½1�

d ¼ r�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � b2

4

r
: ½2�

Equation [2] can be rewritten as Eq. [3]. Thus, the
radius, r, was calculated from Eq. [3], since the wear scar
width, b, is known from the optical measurement and
the wear depth, d, is obtained from the tribology tester.

r ¼ 4d2 þ b2

8d
: ½3�

The values of the wear volume loss were converted
into wear rate, WR, using Eq. [4], where V is the wear
volume loss (mm3), F is the applied normal load (N),
and L is the total sliding distance (m).

WR ¼ V

F � L ½4�

The total sliding distance is given in Eq. [5], where s is
the reciprocating speed (mm/s) and t is total wear time
(s):

L ¼ s � t: ½5�

IV. RESULTS AND DISCUSSION

A. Sintering Temperature Optimization of Cp-Ti

Sintering of Cp-Ti was done at three different
temperatures to determine the optimum temperature
used to fabricate the developed alloy (Ti-xAl-1Mo).
Figure 4 shows the XRD pattern of the sintered Cp-Ti
samples at temperatures 800 �C, 1000 �C, and 1100 �C.

Only peaks of a-Ti were observed for all the sintered
samples, as Miklaszewski et al.[31] and Shon et al.[32] also
reported.
Figure 5 shows the relative density graph and hard-

ness of the Cp-Ti as a function of sintering temperature
in the process of optimizing the sintering temperature of
the Cp-Ti to be alloyed. It was observed that the
compact sintered at temperature 800 �C has relatively
high porosity with a relative density of 89.85 pct, which
is responsible for the low value of hardness of 167 ± 8
HV. Compacts sintered at 1000 �C and 1100 �C were

Fig. 3—(a) 2-D and (b) 3-D schematics wear scar created by a spherically tipped slider on a flat surface.

Fig. 4—X-ray diffraction patterns of sintered Cp-Ti.

Fig. 5—Relative density and hardness bevavior of Cp-Ti compacts.
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fully densified, having a relative density of 99.36 and
99.28 pct, respectively. The increase in density implies
there has been a decrease in porosity[2,19]; this was
confirmed from the SEM micrograph of the compacts as
there were no visible pores. The sintering temperature
increase leads to the increase in the energy available for
particle deformation, rearrangement, and interparticle
diffusion, hence eliminating the pores during the densi-
fication process, also justified elsewhere.[32,33] This is in
line with the study by Miklaszewski et al.,[31] and it was
indicated that the densification with temperature
changes conforms to the Arrhenius equation in combi-
nation with the diffusion coefficient and that grain
coarsening or migration of grain boundary might occur
at higher sintering temperatures.

As seen in Table II, the microhardness value has a
maximum of 208 ± 10 HV for the sample sintered at
1000 �C, which can be attributed to the high value of the
relative density. This suggests that at the sintering
temperature of 1000 �C, pressure of 50 MPa, heating
rate of 100 �C/min, and holding time of 10 minutes, a
fully densified sample of Cp-Ti can be sintered via SPS.

B. Microstructural Characterization of the Bulk Sample

Figure 6 shows the XRD pattern of the consolidated
Cp-Ti and the reinforced Cp-Ti samples at a sintering
temperature of 1000 �C. The XRD spectrum of the
sintered Cp-Ti confirms only the presence of a-Ti, while
all the alloyed Ti XRD spectra confirm the presence of
a-Ti as the major phase with a small fraction trans-
formed at the 2-theta angle of approximately 38.4 deg.

The presence of b-Ti in the reinforced Cp-Ti can be
attributed to the fact that the sintering temperature
might be above the b-transus temperature of the ternary
alloy and also to the presence of Mo (a strong b
stabilizer), which retained the b phase as the compacts
cooled to ambient temperature. Small fractions of
Mo3Al8 refractory phase were also detected. No tita-
nium aluminide intermetallic was detected in any of the
samples, which conforms with the Ti-Al phase diagram
based on wt pct Al. Titanium aluminide (Ti3Al) was
detected in the study conducted by Jia et al.[34] on alloys
from the Ti-Al-Fe ternary system with just 5 wt pct Al at
sintering temperature of 700 �C, which disappeared
when the sintering temperature was raised to 1250 �C.
The presence of Ti3Al in their study can be attributed to
the processing method (mechanical alloying of powders
and reactive induction sintering) employed.

Table III shows the lattice parameters a, c, and V
(unit cell volume) of the a-Ti matrix for each of the
sintered compacts as obtained from X’pert HighScore

Plus software. There was a decrease in the lattice
parameters a, c, and V but an increase in the ratio c/a
as the concentration of Al increased in the sintered
samples. This change (decrease) in the lattice parameters
infers that the solid solution saturation limit has not
been reached, as reported by Kornilov et al.[35] The
ratios c/a for the sintered compacts are lower compared
to the 1.633 reported by Campbell[36] for an ideal
hexagonal structure. Higher values of the c/a ratio
obtained for the alloy from the Ti-Al-Mo ternary system
in comparison with the Cp-Ti could be attributed to the
insertion of the Al and Mo interstitial atoms with a
smaller atom radius.[31]

Table II. Cp-Ti SPS Optimization Values at Different Sintering Temperatures

Sample Sintering Temperature (�C) Density (g/cm3) Relative Density (Pct) Microhardness (HV)

Cp-Ti 800 4.049 89.85 167 ± 8
Cp-Ti 1000 4.477 99.36 208 ± 10
Cp-Ti 1100 4.496 99.28 201 ± 10

Table III. Sintered Sample Lattice Parameters of the
Titanium Matrix

Sample

a-Ti Matrix Lattice Parameters

a (nm) c (nm) V (nm3) c/a

Cp-Ti 2.9505 4.6826 35.30 1.5871
Ti-3Al-1Mo 2.9511 4.6843 35.33 1.5873
Ti-5Al-1Mo 2.9440 4.6780 35.11 1.5890
Ti-7Al-1Mo 2.9200 4.6700 34.48 1.5993

Fig. 6—X-ray diffraction patterns of sintered samples.
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Figure 7 shows the microstructure of the SPS com-
pacted Cp-Ti and Ti-xAl-1Mo (x = 3, 5, and 7 wt pct)
at sintering temperature of 1000 �C. Figure 7(a) denotes
a typical micrograph of the as-sintered Cp-Ti with
mostly a phase and no visible pores. Figures 7(b)
through (d) denote the SEM micrographs of
Ti-3Al-1Mo, Ti-5Al-1Mo, and Ti-7Al-1Mo ternary
alloys, respectively, which are different from the micro-
graph of Cp-Ti. They comprise a nonporous microstruc-
ture with Mo-rich zone at some of the visible grain
boundaries. The alloyed Cp-Ti shows a Widmanstätten
lathlike morphology with major colonies of lamellar
secondary alpha phase (a¢ phase) and minor fractions of
mixed a and b phases at the grain boundaries. Al
presence helps to stabilize the a phase, while Mo
stabilizes the b phase.[17] The micrographs of the alloys
of the Ti-Al-Mo ternary system reported in this study
are similar to the alloys of the laser deposited Ti-Al-V
ternary system reported by Banerjee et al.[37] The a-lath
formation is more pronounced in Ti-7Al-1Mo; this can
be attributed to the presence of the highest weight
percent of Al, which stabilizes more of the a¢ phase.

C. Relative Density and Hardness

Table IV and Figure 8 illustrate the relative density
and hardness of the sintered samples with varying
weight fractions of Al at 1000 �C. It was observed that
Al additions have little significance on the relative
density of the compact, but they affect (enhance) the
hardness of the sintered samples. All samples were fully
densified, with Cp-Ti having a minimum of 99.36 pct.

The high value of the relative density observed can be
attributed to the effect of liquid-phase sintering com-
bined with the high uniaxial pressure and heating that
SPS offers, which leads to Ti particles’ neck formation
and porosity annihilation, as also reported by Jeje
et al.[38] The microhardness value of Cp-Ti increased
from 208 ± 10 to 290 ± 21 HV with the introduction of
3 wt pct Al and 1 wt pct Mo. There was no significant
change in hardness value as the weight percentage of Al
increased to 5 pct, but hardness increased significantly
to 352 ± 25 HV with 7 wt pct Al. Al as a principal a
stabilizer enhances the mechanical properties of Ti.[3]

This can also be attributed to the solid solution
strengthening ability of Al in Ti. The increase in wt
pct Al can increase the solute atom direct interaction
with dislocation cores, which has been predicted by
Kwasniak et al. as an a-Ti main strengthening
mechanism.[39]

D. Wear Behavior

The properties of the sintered Cp-Ti and Ti-xAl-1Mo
compacts used for tribological investigations are sum-
marized in Table IV. Cp-Ti sintered compact has the
lowest relative density value of 99.36 pct. The
microstructures of all sintered samples (Figure 7) reveal
there were no pores that conform with the relative
density values. The influence of pores on their tribolog-
ical characteristics is, therefore, negligible. The wear test
resulted in producing a scar that is, in all cases, visible to
the naked eye, which implies that measurable wear was
observed on all test samples.

Fig. 7—SEM images of sintered samples at 1000 �C: (a) Cp-Ti, (b) Ti-3Al-1Mo, (c) Ti-5Al-1Mo, and (d) Ti-7Al-1Mo.
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1. Wear volume and wear rate
The wear volume loss variation in Cp-Ti and

Ti-xAl-1Mo compacts subjected to varying applied
normal loads is shown in Figure 9. It was seen that
the wear volume loss increased as the load increased for
all the tested compacts. This is in line with Eq. [4] and
the fundamental laws of wear.[40] However, the alloyed
samples showed enhanced relative wear resistances over
the unalloyed Cp-Ti compact as the weight fraction of
Al increased from 3 to 7 pct. This can be attributed to
the fact that the alloyed samples had higher microhard-
ness values (Table II) and were not easily deformed
under the applied loads.[41,42] Zhang et al.’s[43] study on

the wear behavior of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si also
follows the same pattern, whereby the wear rate of the
sample decreases with increasing hardness value. This is
in line with Archard’s law,[44] which states that wear
volume loss of the material is inversely proportional to
the material hardness value. This implies that the
smaller volume loss is derived from materials with
higher hardness value, as also stated by Liu et al.[45]

It was observed that the wear volume loss followed
the same trend for all applied loads (decreased) as the
weight fraction of Al increased from 3 to 7 pct. This
indicates that the addition of Al can enhance the wear
resistance of Cp-Ti. This can be attributed to the a-Ti
solid solution strengthening by Al, which is a result of
mobile dislocation interaction with the Al atoms and
dislocation density increment per strain as the Al atom
increases.[46] Generally, the least volume loss was
observed in the alloy containing 7 wt pct Al.
The specific wear rate of samples decreases with

increasing normal sliding load and also decreases with
an increase in Al content. The wear rates of the
unalloyed Cp-Ti sample were 4.64301 9 10�3, 3.51078
9 10�3, and 2.78888 9 10�3 mm3/(Nm) at a normal load
of 15, 25, and 35 N, respectively. Also, the wear rates of
the compacts with 7 wt pct Al were 2.56057 9 10�3,
1.90477 9 10�3, and 1.43514 9 10�3 mm3/(Nm) at a
load of 15, 25, and 35 N, respectively, which is a
decrease of about 45 to 49 pct. The decrease in specific
wear rate as the load increases can be attributed to the
fact that there is an increment in surface roughing,
which might lead to the presence of hard oxidized wear
debris ejected on the surface presenting itself as a metal
(Ti and Al) oxide plateau (tribofilm) to decrease the
friction.[47] This was also observed in the study of
Riyadh et al.[48]

2. Frictional behavior
Figures 10(a) through (c) show a plot of a typical

COF as a function of sliding time over a period of 600
seconds for all samples subjected to wear tests at loads
of 15, 25, and 35 N, respectively. The plot shows that
the alloyed Cp-Ti has a lower COF compared to the
unalloyed Cp-Ti. However, at an applied load of 15 N,
the highest stick amplitudes were observed for the COF
profiles. The stick amplitudes reduced as the applied
load increased, which suggests the prevalence of adhe-
sive wear at low applied load. The plots show a similar
pattern with the COF profile dropping as the Al content
increases. The only variation observed was at 35 N
normal load between 500 and 560 seconds sliding time
for Cp-Ti, where the COF profile dropped drastically;

Fig. 9—Wear volume loss of sintered compacts as a function of
composition and load.

Fig. 8—Relative density and hardness behavior of SPS optimized
Cp-Ti and Ti-xAl-1Mo compacts.

Table IV. Density and Microhardness Properties of Cp-Ti and Ti-xAl-1Mo Compacts Sintered at 1000 �C

Sample Sintering Temperature (�C) Density (g/cm3) Relative Density (Pct) Microhardness (HV)

Cp-Ti 1000 4.4770 99.36 208 ± 10
Ti-3Al-1Mo 1000 4.4394 99.95 290 ± 21
Ti-5Al-1Mo 1000 4.3798 99.9 290 ± 25
Ti-7Al-1Mo 1000 4.3700 99.68 352 ± 17
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this might be a result of a large accumulation of wear
debris acting as a layer on the wear track.

Figure 11 shows the average steady-state COF values
for the samples investigated at different normal loads. It
(average steady-state COF) was found to decrease as the
normal force increased for all the samples. The drop in
COF as the normal load increased is in contrast to the

work of Zhong et al.[49] on the Ti-20Zr-6.5Al-4 V alloy,
and the authors suggested that when the normal load is
increased, there is a sufficient increase in plastic strain to
encourage delamination. However, this study is in line
with that of Sharma and Sehgal,[50] and they attributed
the general drop in COF of Ti-6Al-4 V as the normal
load increased to frictional heating and the alloy’s low
thermal conductivity. The drop in the average steady
COF as the normal load increased in this study can be
ascribed to the presence of hard oxidized Ti and Al wear
debris.[47] The mechanism can be related to a transfor-
mation from a two-body abrasion to a three-body
abrasion, in which the wear debris act as abrasives
between the alloyed steel ball and the wear track. These
hard debris particles, which have the freedom to roll and
also slide, are trapped in the grooves of the worn-out
surface.[47,51]

As observed, the COF dropped as the applied normal
load was increased from 15 to 35 N for all samples. For
each applied load, the compacts exhibited a lower COF
in comparison to the Cp-Ti compact. Therefore, the
frictional behavior of the observed samples indicates the
strong effect of the Al addition in the compact compo-
sition. Among the observed alloyed samples,
Ti-7Al-1Mo exhibited a minimum average COF of
0.1848.

Fig. 11—Average COF values of sintered compacts as a function of
composition and load.

Fig. 10—COF variation of optimized Cp-Ti and Ti-xAl-1Mo under different applied loads: (a) 15 N, (b) 25 N, and (c) 35 N.
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3. Wear scar/debris morphology and wear depth
Figure 12 shows the SEM micrographs of the worn

surfaces of the compacts tested at 15 and 35 N applied
load. The micrographs of the worn-out surface at 25 N
are not shown because they show characteristics that are
in-between those of 15 and 35 N. There is evidence of
abrasive wear, which is visible to the naked eye, on the
worn surfaces of both unalloyed and alloyed Cp-Ti as
the grooves created are in the same direction with the
sliding direction of the worn-out surface.

At 15 N loads, the appearance of the initial formation
of continuous plastically deformed grooves and delam-
ination was seen on the compacts’ wear tracks. This was
found to be severe on the worn-out surface of the Cp-Ti
compact at 35 N. Nonetheless, the degree of plastic
deformation in the Ti-7Al-1Mo alloy is found to be
smaller (Figures 12(d) and (h)). Samples with plastic
deformations that are consistent are smoother at all
tested loads. The presence of flakes produced by the
delamination of material (Figures 12(b) and (c)) pointed

Fig. 12—SEM images of the worn surface of Cp-Ti, Ti-3Al-1Mo, Ti-5Al-1Mo, and Ti-7Al-1Mo, respectively, at loads of (a) through (d) 15 N
and (e) through (h) 35 N.
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out the existence of adhesive wear. Surface hardness is
expected to affect the penetration depth. Therefore,
since Ti-7Al-1Mo possesses the highest hardness value,
the abrasion penetration of the surfaces is less. Thus,
less material was removed by ‘‘plowing’’ action from the
surface and less plastic flow was observed. Less flakelike
chips on Ti-7Al-1Mo can be attributed to the adhesion
strength contributed by the Al particles within the
matrix of Ti, hence enhancing its plastic deformation
resistance. These results are in agreement with the wear
volume shown in Figure 9. The severity of adhesive
wear could be observed by the flakelike wear debris
sizes.[52,53]

EDS spectra of the wear debris for Cp-Ti and
Ti-7Al-1Mo are shown in Figure 13. Debris of Cp-Ti
(Figure 13(a)) reveal the presence of Ti and O.
Ti-7Al-1Mo debris (Figure 13(b)) reveal the major
presence of Ti, Al, and O, then minor traces of Fe and
C. This implies that the wear debris were primarily from
the sintered compact and those from the counterface
alloy steel ball were negligible. Also, oxidation of Ti
took place at the surface of both compacts during wear.
This established the fact that there was a possibility of
metal oxide debris acting as a third body abrasion. Such
tribo-oxide was also observed in the dry sliding wear
study of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si by Zhang et al.[43]

The wear depths of Cp-Ti and Ti-7Al-1Mo with
respect to the applied load after the dry sliding wear test
are shown in Figure 14. It was observed in accordance
with Archard’s law[44] that the wear depth increased as

the applied load increased. Cp-Ti can be observed to
exhibit higher wear depth that ranges from 50.52 to
59.57 lm relative to Ti-7Al-1Mo that ranges from 20.98
to 26.65 lm as the load increases from 15 to 35 N. This
buttresses the fact that Ti-7Al-1Mo has a lower wear
volume loss and wear rate. It was an expected result as
the addition of Al and Mo to Cp-Ti brought about a-Ti

Fig. 13—SEM images and EDS of wear debris of (a) Cp-Ti and (b) Ti-7Al-1Mo under a test load of 35 N.

Fig. 14—Wear depth of Cp-Ti and Ti-7Al-1Mo under normal loads
of 15, 25, and 35 N.
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solid solution strengthening and also the formation of
refractory Mo3Al8 intermetallic phase (as seen in
Figure 6), which subsequently enhanced the microstruc-
ture and hardness of the Ti-7Al-1Mo alloy. In the study
by Rominiyi et al.[54] on the enhancement of the wear
properties of Cp-Ti by varying wt pct Ni, it was also
discovered that the formation of intermetallics was one
of the reasons for the reduction in wear depth.

V. CONCLUSIONS

Unalloyed and alloyed Cp-Ti compacts were success-
fully fabricated by the SPS technique. The influence of
Al on their density, microhardness, and dry sliding wear
behavior was explored. The following deductions were
drawn:

1. A fully densified sample of Cp-Ti can be sintered via
SPS at the sintering temperature of 1000 �C, pres-
sure of 50 MPa, heating rate of 100 �C/min, and
holding time of 10 minutes.

2. All fabricated samples were fully densified with
Cp-Ti having a minimum of 99.36 pct. The intro-
duction of Al has little significance on the densifi-
cation of the alloyed Cp-Ti.

3. The microhardness value of Cp-Ti increased with
the introduction of Al and Mo. There was a
significant increment in hardness value as the wt
pct Al increased, with Ti-7Al-1Mo having the
highest value of 352 ± 25 HV.

4. The wear volume loss increased with increasing
applied load for all the tested samples, while the
contrast was observed for the specific wear rate.

5. The alloyed samples (Ti-xAl-1Mo) show compara-
tively enhanced wear resistance over the unalloyed
Cp-Ti compact as the weight fraction of Al
increases from 3 to 7 pct. This was seen from the
result of the wear volume and wear depth.
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