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Abstract: This work focused on the influence of TiC reinforcing particles on the tribological properties of titanium matrix
composites (TMCs) with open porosity, processed by spark plasma sintering (SPS). Materials composed of an equimolar mixture of
Ti and TiH, with 0, 3, 10 and 30 vol.% of TiC were sintered at 850 °C. Nanoindentation and wear tests were carried out to assess the
nanohardness and the wear resistance in a tribometer with a reciprocating sliding ball-on-flat configuration. Results showed a
nanohardness increment from 5 to 14 GPa with increasing TiC content. The coefficient of friction (CoF) showed a minimum of 0.2
for 10% TiC grade, which also showed the lowest wear rate. For the low TiC content sample, adhesive wear with severe plastic
deformation was identified. Meanwhile, medium content TiC sample showed a mechanical mixed layer (MML), whereas high TiC
content composite showed abrasive as the main wear mechanism. In conclusion, the wear mechanisms, CoFs and wear volume

changed with TiC content.
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1 Introduction

Titanium and its alloys combine interesting
chemical, physical and mechanical properties such as
high corrosion resistance, low density (4.5 g/cm’) and
relatively low elastic modulus (110 GPa) which make
them suitable for chemical, aerospace, marine, sports and
biomedical applications [1]. On the other hand, metal
composites (MMCs) and titanium matrix
composites (TMCs) with reinforcing particles embedded
in a matrix have been investigated with the purpose to
enhance their performance in service. TMCs offer
attractive mechanical properties, including high specific
strength, thermal stability, erosion, corrosion wear and
creep resistance [2,3]. These composites have been
proposed for advanced applications where monolithic
materials are insufficient, such as aerospace, gears,
turbine blades, rotors, missile housing, tubing, and
engine parts, in conjunction with commercial
applications such as medical implants, high-performance
sporting and automotive components [4,5].

matrix

Additionally, several kinds of composites have been
processed by spark plasma sintering (SPS) which is a
relatively novel sintering technique used for materials
consolidation. SPS involves volumetric Joule heating by
a pulsed DC current passing through a graphite
die/punch set-up that contains the starting powder. The
process permits simultaneously a high pulsed DC current
(10 kA) flow at low voltage (10 V), in combination with
a uniaxial pressure, resulting in high density materials in
a short period of time. Therefore, in comparison to
conventional sintering methods such as hot isostatic
pressing, hot pressing, microwave sintering or high
temperature extrusion, grain growth in SPS can be
minimized [6,7]. Furthermore, different factors
contribute to fast sintering during SPS such as a high
heating rate, volumetric Joule heating, and the pulsed
on/off current flow through the powder compact [8,9].
These processing parameters have the advantage to
develop materials such as intermetallic, refractory,
nanostructured, functionally graded and non-equilibrium
materials [10], which often showed advanced mechanical
properties such as ultra-high yield strength (2050 MPa)
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and large plastic strain (19.7%) [11].

On the other hand, mixtures of Ti and TiH, were
used to specifically obtain porous materials, with an
optimal composition of Ti—40 wt.%TiH,, and a maximum
open porosity of 23% [12]. In addition, fine titanium
compounds such as TiH, also offer the advantage of a
good distribution within the compact enhancing sintering
and reducing the cost of raw materials [13]. During
sintering, the hydrogen is completely or partly removed
by dehydrogenation in the lower temperature range
(<600 °C), resulting in a high purity and reactive fine Ti
powder that enhances densification [14—16]. Even if
TiH, is not completely removed during processing, TiH,
is easily removed by annealing in vacuum due to its high
diffusivity, permitting temporally usage as an alloying
element [17,18].

Knowing the poor tribological properties of
titanium and its alloys [19,20], TMCs and MMCs have
been particle-reinforced with refractory materials for
enhancing the wear resistance. Varying the amount of
reinforcing particles and the sliding velocity in wear tests
allows to delay the transition to a severe wear regime,
and thus, the wear resistance can be improved [21,22].
Although many studies reported a better wear resistance
accompanied with a low coefficient of friction [23—26]
upon adding secondary phase particles, RAM PRABH
et al [27] pointed out that ceramic particles could act as
an abrasive agent when the bonding between matrix and
reinforcing particles is weak. Therefore, the wear
resistance of composite materials could be influenced by
several factors such as the size, volume and geometry of
the secondary phase particles, counterpart material, load,
microstructure, atmosphere and humidity. While most of
the investigations agree on the beneficial use of
composite materials for wear applications, it is not
entirely clear how the wear modes change as a function
of the TiC reinforcement content. The aim of this work is
to analyze the wear mechanisms of TiC particle-
reinforced Ti composites processed by means of SPS at a
low temperature of 850°C from a mixture of

commercially pure (C.P.) Ti and TiH, with TiC particles
addition. A possible correlation between the evolution of
the total wear volume and the hardness due to TiC
addition was investigated.

2 Experimental

2.1 Materials and sample preparation

An equimolar powder mixture of C.P. Ti (Grade 2,
Raymor AP&C) with a particle size <45 pm and a mean
size of 17.7 um and TiH, (grade VM, Chemetall) with a
Dso of 10.6 um, was used as the matrix, without and with
addition of 3, 10 or 30 vol.% of TiC (99.9%, Atlantic
Equipment Engineers) with a mean size of 4.21 um as
reinforcement phase. Figure 1 shows the morphology of
the starting powders, as obtained from SEM images.

The powders were weighed and manipulated in a
glove box under a protective Ar atmosphere and the
polyethylene containers with the powder mixture were
sealed to avoid oxidation. The mixture was dry-mixed on
a multidirectional turbula mixer (WAB, Switzerland) at
75 r/min during 5 h. 10 g of the prepared powder mixture
was poured into a graphite cylindrical die with an inner
and an outer diameter of 32 and 66 mm, respectively.
Sintering was performed using SPS (HP D25/1, FCT
Systeme, Frankenblick, Germany) in a vacuum of 400 Pa
with a pulse/pause duration of 10/5 ms. The SPS
sintering parameters are shown Fig. 2(a).

2.2 Sample preparation and microstructural
characterization

The SPS materials are referred to as TiC-free
(TiC-F), TiC3, TiC10, and TiC30 in accordance to their
TiC content. SPS samples were ground and polished
using conventional metallographic preparation in order
to obtain mirror finished surfaces with an average
roughness of 50 nm. Once being polished, the samples
were etched with Kroll’s reagent for microstructural
analysis. The identification of the crystalline structure
was done through X-ray diffraction (PANanalytical,

Fig. 1 SEM images of starting powders: (a) C.P. Ti spheres; (b) TiH, irregular particles; (c) TiC powder
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Fig. 2 SPS processing parameters (a) and densification behavior during SPS process (b)

Empyrean diffractometer) with Cu K, radiation (A=
1.54 A) at 40 kV and 30 mA in a Bragg—Brentano
configuration in the 26 range of 30°—75°, with a step size
of 0.02 (°)/s. Quantitative phase analysis was conducted
using Rietveld refinement with MAUD software. The
microstructure of the TMCs was characterized by field
emission scanning electron microscopy (FE-SEM,
TESCAN, Mira 3 LMU Microscope) coupled with an
energy dispersive X-ray spectrometer (Bruker, XFlash
6|30) for elemental and mapping analysis. The density of
the SPS materials was measured according to the
Archimedes principle in distilled water at 20 °C on a
Sartorius analytical balance with a precision of 0.1 mg.
The theoretical density was calculated assuming the rule
of the mixtures based on the XRD phase composition
analysis, using a theoretical density of 4.5, 3.76 and
4.93 g/cm3 for Ti, TiH, and TiC, respectively. In
addition, the samples were encapsulated into a lacquer
of known density in order to avoid water absorption
during immersion according to the following expression:

PsL :—szo et (1)
wer, — wsr (H,0)

where pg is the density of the sample and lacquer, Pu,0
is the water density, wg. is the mass of sample and
lacquer and wg (H,0) is the mass of sample and lacquer
in water. Finally, in order to obtain the theoretical density
of the porous sample p,, the following equation was
used:

Ps = ” ” 2)
PL (SL] —PsL (Lj
Wy Wy

where wi and wg are the masses of the lacquer and
non-encapsulated sample, respectively, and p is the
known density of the lacquer.

2.3 Hardness evaluation

The Vickers hardness of the open porosity SPS
material was measured, while nanoindentation tests were
carried out to punctually measure the bulk material
without the influence of porosity. The Vickers hardness
was measured under a constant load of 300 g and a dwell
time of 15 s by means of a FutureTech FM-800
microdurometer. On the other hand, nanohardness was
measured using a Nanovea CB500 nanoindenter at a
maximum force of 80 mN in a programmed square
matrix of 4x4 and 60 pum between indentations. The
reduced elastic modulus, E,, and hardness, H, were
calculated from the loading—unloading curve and
maximum load, respectively, according to the Oliver and
Pharr method [28]:

_ 1 (m)dp
E, _ﬁ[ﬁja 3)
and

Pmax
T== @

where dP/dh is the slope at the start of the unloading
curve, A4 is the projected area of the Berkovich indenter
on the sample, f is a geometric factor correction for the
Berkovich indenter (f=1.034), and Py, is the maximum
load used.

The reduced elastic modulus is the elastic property
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combination of the indenter tip and sample as follows:

2 2
— 1—
LI e (5)
E E E,

r

where v and E are Poisson ratio and elastic modulus of
the bulk material, respectively; v, and E, are Poisson ratio
and elastic modulus of the indenter.

2.4 Wear testing

Reciprocating sliding wear tests were performed on
a CETR UMT-2 microtribometer with a ball-on-flat
configuration at a constant load of 2 N, a stroke length of
10 mm, a frequency of 1 Hz for 1800 s and 10 mm
alumina ball counterpart (Redhill precision, 99.5%
Al,O;) with an initial calculated Hertzian contact stress
of 374 MPa. A metallographic microscope (Nikon
eclipse MA100) was used to observe the worn surface of
the Al,O; ball after reciprocating testing. SPS samples
were ground and polished wusing conventional
metallographic techniques to obtain a mirror-like surface
finish using a 0.05 um ALOj; suspension. The samples
were ultrasonically cleaned and dried in a muffle furnace
at 95 °C for 3 h prior to wear testing. The roughness and
volumetric wear loss were measured through 3D optical
profilometry by means of a FILMETRICS 3DProfilm
equipment.

3 Results and discussion

3.1 Sintering behavior

Figure 2 shows the sintering evolution during the
SPS process in which three different regions can be
distinguished. The first region is influenced only by the
temperature ramp, where dilatation of the powders
occurred in all cases, leading to an expansion of the
powder compact. The densification curves of the TiC-F,
TiC3 and TiC10 composites are comparable, whereas the
densification curve of the TiC30 is substantially
different. In Fig. 2(b), the thermal expansion and final
shrinkage of TiC30 are less pronounced. This discrete
expansion is explained by the higher TiC content and its
lower thermal expansion compared to TiC-F. The lower
final shrinkage is due to the percolated network of TiC
particles that inhibit plastic deformation of the powder
compact, resulting also in higher residual porosity. A
second region starts after 410 s, showing an increment of
the force accompanied by a rapid piston displacement,
i.e., densification, leading to a final shrinkage. Since the
SPS TiC-F, TiC3 and TiCl0 grades had a substantial
amount of residual TiH,, whereas TiC30 was partially
dehydrogenated, it is assumed that there was not enough
time to complete the dehydrogenation. Moreover, since
the H, gas might be trapped in the closed porosity of the
plastically deformed Ti matrix, the TiC30 presented a

substantially higher amount of open porosity allowing a
better evacuation of H,. Dehydrogenation of TiH, occurs
in the temperature range of 450—570 °C in pressureless
sintering conditions [29]. The third region begins with a
rapid cooling rate and a progressive release of the piston
pressure.

Table 1 summarizes the densification and recovery
rate, along with the measured density. The reinforcing
content accelerates the densification and recovery rate of
the powder compact during sintering of TiC-F, TiC3 and
TiC10. Therefore, in this study, the densification/
compression rate is driven by hard particles for content
up to 10 vol.%. However, in TiC30, the percolation
network due to the large fraction of hard particles hinders
the densification during the compression process.
BOUVARD [30] described that the densification process
is driven by the soft particles when they reach their yield
stress, while hard particles stop the densification process
in mixtures of soft and hard particles under isotropic or
quasi-isotropic pressure. Hard particles may create a
percolation network, as in TiC30, due to the
rearrangement during the compression process. If hard
particles do mnot present plastic deformation or
fragmentation, an increment in densification is not
possible.

Table 1 Punch compression/recovery rates during SPS and
relative density of SPS materials

Sample Densiﬁcatif)ln Recover}i 1 Rela}tive
rate/(mm-'s ')  rate/(mm's ) density/%
TiC-F 2.78 0.16 96.2
TiC3 4.82 0.33 95.9
TiC10 4.97 0.41 91.3
TiC30 0.49 0.07 89.8

3.2 Phase identification of composite compacts

Figure 3 shows the XRD patterns of the SPS
materials with different TiC contents. Due to the rapid
densification, Ti and TiH, phases are present in all grades
except TiC30, which apparently contains only Ti and
TiC. The peaks corresponding to the TiC phase clearly
become intenser with increasing TiC content in the
starting powder mixture. Rietveld refinement of SPS
processed composites did not show any shift of the TiC
peak position. A direct comparison between PDF card for
TiC (PDF#32—-1383, 4.3274 A) and the lattice parameter
of TiC in the composites ((4.3258+0.0002) A) showed no
carbon dissolution in the Ti/TiH, matrix. On the other
hand, TiH, was identified as fcc J-TiH, phase with a
lattice parameter of (4.3999+0.0004) A. The measured
c/a ratio of the unit cell for the a-Ti phase was 1.58,
which matched well with the lattice parameters of the Ti
reference card PDF#44—1294, confirming no change in
the o-Ti phase.
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Fig. 3 X-ray diffraction patterns of SPS Ti matrix composites

Table 2 gives the numerical results of the Rietveld
refinement compositional analysis. The TiH, content
clearly decreased with increasing TiC content, since the
de-hydrogen process requires an open porous network
for H, evacuation during SPS processing [31]. Residual
TiH, has been reported for pressureless sintered cold
isostatically pressed materials [12] and spark plasma

Table 2 Constituent phases (vol.%) in SPS TiC-F, TiC3, TiC10
and TiC30 materials, as determined by XRD Rietveld analysis

Phase TiC-F TiC3 TiC10 TiC30
o-Ti 45+£0.5  40.1+0.6 46.6+1.4 44.9+1.1

0-TiH,  55+1.1 56.5¢1.1 40.6+2.3 33.6+1.2
TiC - 3.3+0.2 12.8£ 0.6 21.5+0.5

sintering [32], since there is a difficulty of a complete
dehydrogenation in short periods of time, even at
elevated temperatures of 1300 °C and 20 min holding
time, as shown in Ref. [33]. Table 2 indicates that almost
no TiH, dehydrogenation occurred during SPS of the
TiC-F and TiC3 materials, whereas 10 and 30 vol.% TiC
addition allowed partial dehydrogenation in the applied
SPS cycle.

3.3 Microstructural analysis

Figures 4(a—d) show backscattered electron (BSE)
SEM images of the microstructure of the four TMCs
materials. The matrix phase corresponds to gray-colored
rounded C.P. Ti particles and randomly dispersed
smaller grained TiH, particles with the same contrast

TiC
particles

Fig. 4 BSE SEM micrographs of TMC composites: (a) Ti-F; (b) TiC3; (c) TiC10; (d) TiC30
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characteristics. The darker contrast reinforcing phases
are the TiC ceramic particles. Additionally, residual
porosity is present as a black contrast phase,
concentrated, and surrounding the C.P. Ti particles.

Figure 4(a) shows a distribution of fine pores within
the matrix, which could be formed by two routes: the
released hydrogen from TiH, and the remaining porosity
after sintering. Figures 4(b—d) show coarser pores in
comparison to those in Fig. 4(a). Here, pore formation is
mainly due to the TiC addition and its low
compressibility during SPS processing. The TiC particles
and residual porosity are evenly distributed at the
periphery of C.P. Ti particles. A fine acicular a-phase in
the C.P. Ti particles is presented, most probably as a
result of the rapid cooling during the fabrication process.
The low sintering temperature below the o—f transus
temperature and the high cooling rate resulted in a
microstructure resembles to that of C.P. Ti starting
particles.

3.4 Hardness

Figure 5 shows the micro- and nanohardness data,
along with the relative density of the investigated
materials. The standard deviation on the hardness
increased with increasing TiC content. This is explained
by the increasing inhomogeneity of the composites as a
result of the increasing quantity of the reinforcing
particles and porosity, as shown in Fig. 4. On the other
hand, the density is reduced with increasing TiC content
in the composites. Although the microhardness is
expected to increase with the reinforcing content, the
average microhardness of TiC-F is higher than that of
TiC3 and TiC10, which can only be attributed to the
higher porosity as shown in Refs. [29,31]. Despite TiC30
has the lowest density, it showed the highest
microhardness, clearly revealing that the higher TiC
content  counteracts the density.  The
nanoindentation results showed an almost
increment in hardness as a function of the TiC volume
fraction. The difference between the Vickers
microindentation and nanoindentations hardness results
is that nanoindentation is more punctual and uses lower
loads, recording the composite as a bulk material. For the
wear testing, the TiC content should therefore be
considered to be more important than the residual
porosity.

The microhardness of TiC-F, TiC3 and TiC10 is
comparable to the microhardness HV, value of 2.5 GPa
reported for nanostructured (125 nm grain size) C.P.
Ti [34]. TiC particles are not the only component that
contributes to the hardness enhancement. Previous
reports indicated that the hardness of TiH, was also

lower
linear

superior to that of C.P. Ti, i.e. 3.70 GPa vs 2.74 GPa [32].

Thus, the residual TiH, content also contributed to an

increased hardness of the TMCs after SPS. Figure 6
presents the nanoindentation load—displacement curves
with a maximum applied load of 80 mN. The curves
present a continuous and smooth profile during
penetration of the tip which indicates the absence of
cracks on the surface of the sample during testing. As
expected, the penetration depth decreased with
increasing reinforcement content.

98
24r —— Nanoindentation
—— Microhardness
20t { (HV,3) 196

—— Relative density

16}

L
O
\S]

\O
-
Relative density/%

L
\O
(=]

Nanoindentation/GPa, Microhardness/GPa
o

TiC10 TiC30

Sample

TiC-F TiC3

Fig. 5 Nanoindentation, microhardness, and relative density as
function of TiC content in particle-reinforced Ti matrix
composites after SPS
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Fig. 6 Nanoindentation load—displacement curves for TiC-F,

TiC 3, TiC10 and TiC30

Table 3 summarizes the numerical data obtained
from sixteen nanoindentations over the surface of each
sample. SETOYAMA et al [35] pointed out that materials
with an H/E, ratio around 0.05, such as ceramics, have an
elastic behavior, whereas metals with a ratio below 0.006
deform plastically [36,37]. Furthermore, H/E?
(sometimes referred as yield pressure) reflects the
resistance against plastic indentation [38]. Basically,
high H*/E? ratios can be related to the wear resistance
capacity of a material and consequently, the wear process
is most of the time a result of plastic deformation.
Additionally, H/E, and H*/E;?? ratios have been suggested
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as a good indicator of wear resistance, for instance, in the
study of titanium base alloys [39]. Experimentally,
the validation of the H/E, and H*/E? magnitudes and
their relationship with wear, was developed by ATTAR
et al [40] for Ti—TiB composites, proving that high
values of yield strain and yield pressure are concomitant
to increase the wear resistance.

3.5 Coefficient of friction and wear analysis

The coefficient of friction (CoF) during mechanical
contact gives a numerical value of the resistance to
movement in a tangential direction. Figure 7 shows the
evolution of the CoF of the investigated composites. The
CoF of TiC-F is below 0.18 during the initial 500 s, due
to the low roughness and the native oxide film on the
surface of the composite material provoked a smooth
contact. Beyond 500 s, an increase to a constant value of
0.36 of the CoF is presented, with slight oscillations as a
consequence of the breakdown of the oxide film, and the
detachment of material which formed an oxide-based
tribofilm. The CoF of TiC3 rapidly increased during the
first 60 s to a stationary value of 0.36, comparable to that
of TiC-F. The early increment in the CoF might be
attributed to the effect of the reinforcing particles. The
CoF of TiC10 reached a maximum during the first 100 s.
Then, the CoF shifted to a continuous and steady low

1659

value of 0.20. Finally, the TiC30 composite presented the
highest CoF, ~0.54, among all investigated materials. As
expected, the CoF evolved according to the reinforcing
phase content and residual porosity.

The wear track on TiC-F (Figs. 8(a—c)) shows
abrasion and material adhesion as the main wear
mechanisms with some oxidized material transfer located
inside the grooves. In the absence of reinforcing ceramic
particles, the wear test resulted in a partly-polished
surface. Due to its microstructure shown in Fig. 4(a),
TiC-F sample showed that due to applied normal force,
asperities deformation increased exceeding the value of
their elastic limit. Subsequently, the plastic deformation
on asperities occurs until the total contact area increases
enough to support the applied load. Thus, adhesive bonds
are formed in the actual contact area, where the shear
stress during movement cuts the joints. Therefore, the
adhesive term specifies the formation of metal joints
between the asperities of the material and the contact
surfaces. For this case, abrasion caused plowing and
cutting of soft material, resulting in plastic flow during
tangential movement [41].

Upon adding reinforcing particles in TiC3, the
presence of small-size debris is noticed in the
wear track shown in Figs. 8(d, e). Moreover, the grooves
seem to be narrow, but deeper as confirmed in Fig. 8(f).

Table 3 Numerical results from nanoindentation testing of TiC-F, TiC3, TiC10 and TiC30

S I Hardness, Reduced elastic Yield strain, Yield pressure, Elastic
ample
P H/GPa modulus, E,/GPa HIE, (HP/E?)/GPa recovery/%
TiC-F 4.7+0.9 11449 0.042 0.008 60.00
TiC3 5.9+1.5 109+19 0.054 0.017 61.4
TiC10 7.8+£2.9 174+38 0.045 0.015 70.7
TiC30 14.1£10.0 164+56 0.086 0.100 81.9
0.75F
0.50F
—) R,=0.042 pm Mean CoF: 0.61+0.027
0-731 Tic1o
0.50F
R,=0.047 um Mean CoF: 0.20+0.012
s 0.25¢
© 0.75F .
Tic3 R,=0.057 um Mean CoF: 0.44+0.025
0.50F
0.25¢ y
0.75F TiC-F
0.50 R.=0.031 um Mean CoF: 0.28+0.043
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Fig. 7 CoF evolution during reciprocating sliding of TiC-F, TiC3, TiC10 and TiC30 against Al,O; sphere
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Fig. 8 Wear track images and removed volume for TiC particle-reinforced Ti matrix composites after reciprocating sliding against
AlLyO5 sphere for 1800 s: (a—c) TiC-F; (d—f) TiC3; (g—i) TiC10; (j—1) TiC30

Additionally, a higher degree of abrasion is observed in
comparison to TiC-F, due to the addition of 3 vol.% TiC
particles as they might act as abrasive debris pulling
out material from the metal matrix during the
reciprocating test, resulting in a higher wear rate of the
composite [27,42]. The major wear volume and
dispersion of the debris across the wear scar explained
the early action of a third body element, which affected
the CoF evolution with a sudden increment from 0.18 to
0.45 after hundred seconds.

Figures 8(g, h) show the formation of either a
tribofilm or a mechanically mixed layer (MML) in the
wear track of TiC-10. BISWAS [43] identified that the

formation of new structures and materials in the interface
is possible. This film has a major influence on the CoF
and wear resistance since this can be protective or
destructive depending on several factors. A tribofilm is
chemically formed as a result of the interaction of the
system with the environment and/or thermally activated
by friction. During tribofilm formation, it has been
shown that rubbing leads to the following phenomena:
fine wear particles are oxidized by reaction with the
environment and some fine particles at interphase are
compacted and sintered, consequently, a protective film
is formed and mild wear is established [44]. On the other
hand, MMLs can be formed by a mechanical process
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with the addition of material from the counterpart,
resulting in a new composite material formation. In order
to know if there exists detachment material from the
alumina ball, Fig. 9 shows the worn surface of the
counterbody. The diameter (dashed line) and the damage
on the Al,O; sphere are directly related to the removed
material volume from the TiC-F and TiC3 composites.
The AlO; ball slid against TiC10 does not show a
well-defined circular track and it presents the lowest
damage. The Al,O; sphere in contact with TiC30 shows a
zone of concentrated damage with a low degree of
penetration, which can be explained by the TiC particles
in the composite acting as load carrier. Nonetheless,
alumina ball had material removed in each case.
Therefore, the partly delaminated oxide film shown in
Fig. 8(g) could be considered as a new MML formed
during sliding. Additionally, TiC reinforcing particles are
important, providing good adhesion and mechanical
interlocking in the film. STACHOWIAK [45] pointed
out that the formation of TiO, is usually due to the
changes at the interface in the range of nanoscale to
microscale. On the nanoscale, the surface material is
released and reacts chemically to form the oxide, as

confirmed in the EDS mapping shown in Fig. 8(h). The
protective layer was mechanically and chemically
formed at the interface, contributing to maintaining the
so-called mild wear regime.

Recently, studies carried out on near-f titanium and
o+f alloys [46] concluded that the transition between
mild and severe wear is characterized by the crack
growth in the oxide film as a result of the local stress
concentration. In this case, the MMLs presented cracking,
followed by crack propagation, and finally delamination.
The chosen testing parameters with normal force of 2 N
and frequency of 1 Hz resulted in a mild wear regime
since no transition to severe wear occurred. The initial
CoF of TiC10 is 0.22, but was slightly reduced to 0.19
after the first 2 min with the formation of the protective
MML. During the test, the Al,O; ball slid on the MML
film with a low tangential force leading to a smooth and
relatively low CoF value which was continuously
maintained at 0.19 during the whole reciprocating test.
As a result, the TiC10 composite presented the lowest
material loss, as shown in Fig. 8(i) and in Fig. 10.

The morphology of the worn surface of the TiC30
composite, presented in Figs. 8(j, k), shows that the

Fig. 9 Micrographs of Al,O; ball surface after reciprocating testing against TiC-F (a), TiC3 (b), TiC10 (c) and TiC30 (d) for 1800 s
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Fig. 10 Depth profile of wear track (a) and volumetric wear
rate and wear coefficient (b) for TiC particle-reinforced Ti
matrix composites reciprocatively-slid against Al,O; sphere
counterpart

probability of contact between removed TiC reinforcing
particles and soft matrix alloy during the reciprocating
test was highly recurrent. The hard particles, being the
reinforcing phase, avoid the plastic deformation of the
matrix due to their load-carrying capacity during
rubbing, as evidenced in Fig. 9(d). The EDS mapping in
Fig. 8(k) shows the TiC particles, colored in green,
embedded in the matrix. This figure also shows a dark
blue color corresponding to oxygen, confirming the
formation of titanium oxide on the reinforcing phase.
The TiC30 sample shows the second-best wear
resistance among the investigated materials, as shown in
Figs. 10(a, b).

In order to estimate the regime of the occurred wear,
the wear coefficient ( was calculated from
ARCHARD’s equation [47]:

KWL

0=y

(6)

where Q is the volume removed, L is the sliding distance,
H is the hardness of the sample material, /¥ is the normal

load and K is a dimensionless constant. The calculated
wear coefficient is reported in Fig. 10(b).

STACHOWIAK [45] identified mild and severe
wear regimes under dry sliding conditions based on the K
value. The mild wear regime has K values ranging from
10° to 10, whereas K ranges from 10 to 107
corresponding to the severe wear regime. Based on this,
TiC30 has a major tendency to severe wear. However, it
should be noted that one wear regime could present
different wear mechanisms. For TiC30, the predominant
wear mechanism was abrasion, mainly generated by the
TiC particles which are the causes of abrasive wear at the
end of the wear track, as shown in Figs. 8(—1), and
adhesion, due to the plastic deformation and oxidation of
the matrix phase. During sliding, the abrasive wear
mechanism is predominant due to a large number of
reinforcing loose particles showing the above-mentioned
load carrying effect [48]. In addition to the enhanced
wear resistance, matrix strengthening occurred by the
load transfer from the reinforcing particle to the matrix
via thermally induced dislocation. This phenomenon
occurs via thermal mismatch as a consequence of the
difference in thermal expansion coefficient (CTE)
between matrix and TiC particles (CTE(TiC)<CTE(T1))
during cooling, generating dislocation slip at the
matrix/reinforcement interface, strengthening the matrix
indirectly [49].

Figures 10(a, b) show the cross-sectional profiles of
the wear track and the wear rates of the different
materials. The wear rate was obtained from
ARCHARD’s equation [47]:

O=kWL )

where k; is the wear rate in mm*/(N'm). The wear rate
was correlated with parameter combinations derived
from nanoindentation measurements, such as H/E, and
H3/E,2 ratios summarized in Table 3. Higher H/E, and
H’/E? ratio values were measured for TiC30, as a
consequence of the higher hardness. However, TiC30
was only the second-best material regarding the
measured wear rate, as presented in Fig. 10(b). This
implies that the highest hardness, as an indirect measure
of wear resistance, not always results in the best wear
resistance of composite materials, and ceramic inclusions
are not necessary to enhance the wear resistance. TiC3
showed a higher volumetric wear loss due to detached
TiC particles acting as an abrasive agent, whereas the
higher TiC content in TiC10 resulted in the formation of
a protective MML.

4 Conclusions

(1) The 0, 3 and 10 vol.% TiC composites showed
the same densification behavior, resulting in a residual
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porosity of 4—11 vol.% and a substantial residual TiH,
content. The 30 vol.% TiC composite showed a lower
densification rate and a concomitantly higher porosity of
17 vol.% with the lowest residual TiH,.

(2) The nanoindentation hardness increased with
increasing TiC content along with the material density,
whereas the microhardness (HV) did not clearly correlate
with the TiC content nor residual porosity.

(3) The predominant wear mechanism in the TiC-F
material was adhesion, while a predominant abrasive
mechanism was observed upon adding 3 vol.% TiC. On
the other hand, 10 vol.% TiC addition showed adhesion
wear with the formation of a protective MML film,
resulting in the lowest volumetric wear rate and
coefficient of friction. The 30 vol.% TiC material showed
a combination of adhesive and abrasive wear
mechanisms, resulting in the second-best volumetric
wear rate despite the highest coefficient of friction of 0.6.

(4) The calculated wear coefficients of all materials
fall in the mild wear regime range (from 107 to 10™*) for
dry sliding conditions. The 10 vol.% TiC composite
showed wear coefficient values close to those reported
for lubricated conditions.
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