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The effect of copper addition on the dry sliding wear and frictional behavior of Ti-6Al-4V alloy in different
heat treatment conditions, i.e., in a + b phase field and b phase field, was investigated using pin-on-disk
method. The hardness of the alloy subjected to solution treatment followed by aging, exhibited relatively
higher hardness than solution treated alloy due to the precipitation of Ti2Cu intermetallic. The wear rate,
average coefficient of friction and maximum temperature attained during sliding test were determined and
reported as a function of varying load of 10-50 N at sliding velocities of 0.25, 1 and 1.5 m/s. The wear rate
increased with load, whereas it decreased initially with siding velocities till 1 m/s and increased beyond that.
The average coefficient of friction and maximum temperature were observed to be directly dependent on
the load, whereas sliding velocity exhibited a different influence on coefficient of friction. Aging treatment
resulted in lower coefficient of friction and maximum temperature attained during the test. The morpho-
logical evaluation of wear tracks and wear debris was also carried out and is presented in the current study.
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1. Introduction

Ti-6Al-4V (Ti64), an a + b titanium alloy, is the most used
titanium alloy in aerospace, automobile, marine, medical and
chemical industries due to its unique combination of mechan-
ical properties, inherent workability and biocompatibility (Ref
1-3). Despite these significant properties, Ti64 alloy suffers
from inferior tribological properties, restraining its applications
in automobiles mainly due to failure by galling and unsta-
ble friction coefficients (Ref 3, 4). The notoriously poor wear
resistance of the alloy can be attributed to (1) its low resistance
to plastic shearing which weakens the counteract of the material
toward adhesion and delamination that is highly influenced by
mechanical properties, (2) low protection by tribo-oxides
formed as a result of temperatures induced by friction and
can be easily removed by spallation and micro-fragmentation
during sliding and (3) embrittlement caused by ingress of
atmospheric oxygen (Ref 3, 5, 6). Various approaches including
surface modifications (Ref 7-11), adjustment of alloy chemistry
and thermal processes (Ref 12-20) with varying success were
implemented to improve the wear resistance especially intended
in the improvement of the alloy performance in ground vehicle
engine applications for fuel efficiency (Ref 21). The presence of

a needles in b matrix resists plastic deformation; however, the
higher ductility of b phase results in poor wear resistance (Ref
21, 22).

Li et al. (Ref 23) conducted dry sliding wear tests on Ti64
alloy using a pin-on-disk wear tester using sliding velocities
ranging from 0.5 to 4 m/s exploring the role of tribo-oxides and
their functions. The study revealed a noticeable variation in the
wear rate with changing sliding velocity and distinct transitions
in wear mechanisms corresponding to different sliding veloc-
ities. At lower speeds, the wear was characterized by a
combination of delamination and oxidative wear followed by a
gradual transition to delamination wear and finally to oxidative
wear with the increase in sliding velocity from 2.5 to 4 m/s.

Sahoo et al. (Ref 24) conducted a comprehensive study on
the impact of microstructural variations specifically lamellar,
bimodal and equiaxed on the solid particle erosion wear
behavior of Ti64 alloy at room temperature. Notably, the
lamellar microstructure demonstrated superior erosion resis-
tance compared to bimodal and equiaxed microstructures. The
primary mechanism of material loss in the erosion of Ti64 alloy
was identified as plowing or pileup, leading to the formation of
platelets.

Hadke et al. (Ref 25) delved into the impact of quenching
and aging treatment on the microstructure and abrasive wear of
Ti64 alloy. The initial alloy underwent solution treatment at
1339 K, followed by oil quenching and subsequent aging at
823 K for 4 h. The as-received specimen exhibited a
microstructure consisting of very fine a grains, with an average
grain size of 2 lm, and b phase uniformly dispersed through-
out. In the quench-aged specimen, the microstructure revealed
plates formed by the decomposition of �a during aging. The b
phase precipitated out of �a martensite during aging, leading to
its uniform dispersion in the a matrix. Two-body abrasive wear
tests were conducted on both the as-received and quench-aged
specimens using a pin-on-disk apparatus with SiC as the
abrasive media. Surprisingly, the wear resistance of the as-

G.V.S. Nageswara Rao, Department of Metallurgical and Materials
Engineering, National Institute of Technology Warangal, Hanamkonda
506004, India; Polamuri Sudheer Kumar, Department of Mechanical
Engineering, Indian Institute of Technology Tirupati, Tirupati 517506,
India; and and Naga Sruthi Neelam, Department of Metallurgical and
Materials Engineering, National Institute of Technology Raipur, Raipur
492010, India. Contact e-mail: nsneelam.mme@nitrr.ac.in.

JMEPEG �ASM International
https://doi.org/10.1007/s11665-024-09677-z 1059-9495/$19.00

Journal of Materials Engineering and Performance

http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-024-09677-z&amp;domain=pdf


received specimen surpassed that of the quench-aged specimen,
despite the latter exhibiting higher hardness.

Enhancing wear resistance in materials involves various
approaches, such as surface modification, adjustments in alloy
chemistry and heat treatment. A relatively unexplored avenue
in titanium alloy development is the application of strengthen-

ing through precipitation hardening. An illustrative instance of
precipitation strengthening in titanium alloys is the introduction
of silicon into the alloy which enhances the creep resistance of
titanium alloys by facilitating the precipitation of titanium
silicides (Ref 26). Another system demonstrating precipitation
strengthening is Ti-Cu, wherein the beta phase has a restricted
solubility range for copper. Consequently, the incorporation of
copper into titanium alloys provides the opportunity to tailor
mechanical properties through age hardening. This advanta-Table 1 Details of raw material used for the melting of

Ti-6Al-4V-2.5Cu alloy (for 420 g weight pancake)

Material Weight, g

Ti sponge chips 367.5
Al chips 22.35
Al-V master alloy (14.5% Al + 85.5%V) 19.65
Cu chips (pure) 10.50

Table 2 Details of heat treatments given to Ti-6Al-
4V2.5Cu alloy and corresponding coding

Heat treatment given Code

a + b solution treatment at 900 �C/4 h/WQ TC900ST
a + b solution treatment at 900 �C/4 h/WQ + aging at

500 �C/4 h/AC
TC900STA

b solution treatment at 1010 �C/2 h/WQ TC1010ST
b solution treatment at 1010 �C/2 h/WQ + aging at

500 �C/4 h/AC
TC1010STA

WQ, Water quenching; AC, Air cooling.

(a) (b)

(c) (d)

Fig. 1 Optical microstructures of Ti-6Al-4V-2.5Cu alloy in different heat treatment conditions. (a) TC900ST, (b) TC900STA, (c) TC1010ST
and (d) TC1010STA

Fig. 2 XRD patterns of the Ti-6Al-4V-2.5Cu alloy in different heat
treatment conditions
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geous aspect of precipitation strengthening has been effectively
employed in alloys such as Ti-2.5Cu (Ref 27) and Ti-6Al-1.5V-
2.5Cu (Ref 28). Nevertheless, in the case of Ti-6Al-1.5V-
2.5Cu, the enhancement in properties compared to Ti-6Al-4V
alloy was noted to be marginal. This was ascribed to the
variation in vanadium content (copper addition at the cost of
vanadium).

The present study aims to investigate the impact of adding
2.5 wt.% of Cu to Ti64, and the influence of four distinct heat
treatments (a + b solution treatment (TC900ST), a + b solu-
tion treatment followed by aging (TC900STA), b solution
treatment (TC1010ST) and b solution treatment followed by
aging (TC1010STA)) on wear and friction behavior under dry
sliding conditions at various sliding velocities and loading
conditions in terms of wear rate, coefficient of friction and
temperature attained during testing has been reported. The
study helps in understanding the effect of copper addition on
the strength and wear resistance of Ti64 alloy, which can
contribute in widening the application window of the alloy.

2. Experimental Details

The Ti-6Al-4V-2.5Cu alloy pancakes were melted in
vacuum arc melting furnace (make: Vacuum technologies,

Fig. 3 BSE-SEM images of Ti-6Al-4V-2.5Cu alloy in different heat treatment conditions. (a) TC900ST, (b) TC900STA, (c) TC1010ST and (d)
TC1010STA

Fig. 4 Vickers hardness of the Ti-6Al-4V-2.5Cu alloy in different
heat treatment conditions
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Bangalore, India). Ti sponge (99.99%), Al and Cu chips, Al-V
master alloy were used for melting. The details of raw materials
used for melting of 420 g pancake are shown in Table 1. The
pancakes were subjected to standard thermomechanical treat-
ments followed by forging (pneumatic hammer (MASSEY)) at
1050 �C in b phase region to break the dendritic structure
formed in casting. The thickness was reduced from 11 to 7 mm
imparting 40% deformation. To refine the lamellar structure
obtained during forging and to get a bimodal a + b structure,
rolling was performed at 850 �C (a + b field) to a thickness of
5 mm followed by subsequent heat treatments. Solution
treatment was carried out at two different temperatures, viz.
at 900 �C (a + b phase region) and at 1010 �C (b phase region)
for 2 h and 4 h, respectively, followed by water quenching
(WQ). Some plates were subjected to aging at 500 �C for 4 h
followed by air cooling (AC) after solutionizing. R-type
thermocouple (Platinum-13% Rhodium) was used to monitor
the temperature of the samples during heat treatment. To
prevent oxidation of the samples during heat treatment, the
samples were coated with Henkel made Deltaglaze FB 412�

colloidal glass solution. The details of different heat treatments
that were employed and corresponding coding of the samples
are presented in Table 2.

Optical microscope of Leica make (Model: DMi8A)
equipped with image analysis was used for microstructural
observations. Macrohardness tests were carried out using
Matsuzawa make Vickers hardness tester (Model: VMT-X7),
with maximum load of 30 kg. The hardness tests were
performed using 10 kg load and 15 s dwell time with at least

10 measurements for each sample, and the average with
standard deviation was reported.

The dry sliding wear tests were carried out using pin-on-disk
wear testing machine (Make: DUCOM and Model: TR-20LE)
in air at room temperature (26 ± 2 �C) using hardened EN-31
steel disk (180 mm diameter and 8 mm thick, 63-65 Rc
hardness) as counter face material. The pins (4 mm 9 4 mm
and 30 mm height) of Ti-6Al-4V-2.5Cu alloy were prepared
using wire-cut EDM. The contact surfaces of pins and disk
were prepared on 1200 grit SiC paper keeping surface
roughness (Ra) in 0.8-2.0 lm range, degreased, cleaned with
acetone and dried prior to each test. The wear tests were carried
out at different normal loads (10-50 N) and sliding speeds
(0.25-1.5 m/s) for a total sliding distance of 500 m. The rpm of
the disk, wear track diameter and sliding time were adjusted to
attain a constant sliding distance of 500 m in all the tests. To
determine the wear rate, pin initial and final weight were
measured using a 0.01 mg precision balance to record the
weight loss. Wear rate (mm3/m) calculations were carried out
by dividing volume loss (mm3) with total sliding distance (m).
During each test, the wear and frictional force (from which
coefficient of friction (COF) was also determined) were
monitored on the computer and the temperature rise at disk–
pin contact surface was monitored and recorded by using K-
type thermocouple to know the maximum temperature attained
during each test. The morphological analysis of the worn
surface of the pin and debris was observed by a scanning
electron microscope (SEM) of TESCAN make (Model:
VEGA3 LMU). The phase analysis of wear debris was done
by using x-ray diffraction (XRD) of PANalytical make (Model:
X�PERT Powder).

3. Results and Discussion

3.1 Microstructure and Phase Evaluation

Figure 1(a), (b), (c), and (d) shows the optical images of
TC900ST, TC900STA, TC1010ST and TC1010STA alloys,
respectively. Primary a (hcp) grains with b phase (bcc) at grain
boundaries are seen in TC900ST alloy (Fig. 1a). Upon
subsequent aging treatment, TC900STA has revealed primary
a grains in aged transformed b matrix (Fig. 1b). Hot working
below the b-transus temperature (a + b phase region) results in
the nucleation and growth of primary a. The morphology is
determined by the extent of hot working, varying from
elongated plates at about < 30% reduction to equiaxed grains
at > 30% reduction (Ref 1, 2). Solution treatment at 900 �C
resulted in equiaxed primary a (Fig. 1a) as the reduction in
thickness is about 50%. Subsequent aging at 500 �C has
resulted in transformed b structure.

Fig. 5 Comparison of wear rates of the Ti-6Al-4V-2.5Cu alloy as a
function of applied load in different heat treatment conditions for
different sliding velocities

Table 3 Sliding velocities at which minimum and maximum wear rate occurs in Ti-6Al-4V-2.5 Cu alloy for different heat
treatment conditions

Sample Sliding velocity at which minimum wear rate occurs, m/s Sliding velocity at which maximum wear rate occurs, m/s

TC900ST 1 1.5
TC900STA 0.25 1.5
TC1010ST 0.25 1.5
TC1010STA 1 1.5
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Figure 1(c) shows the optical microstructure of the
TC1010ST alloy (solution treated in b phase field (i.e.,
1010 �C/2 h/WQ)). The microstructure consisted of coarse a
phase (hcp) lamellae and retained b phase (bcc). As the solvus
temperature of Cu in b titanium is significantly lower than the
solution treated temperature (i.e., 1010 �C), dissolution of Cu is
complete assuming that no phase boundary shift occurs due to
ternary additions. Consequent water quenching leads to super
saturation of Cu in a martensite due to less time provided for
Cu diffusion resulting in primary a and a¢ + b, while aging at
500 �C has resulted in transformed b (Fig. 1d).

The presence of a-titanium with minor amount of b in the
alloys was confirmed from the XRD measurements (Fig. 2).
The precipitation of Ti2Cu intermetallic is confirmed in
TC900STA and TC1010STA after aging. Formation of Ti2Cu
precipitates in Ti-Cu alloys was reported earlier as well (Ref 29-
31). Figure 3 shows the SEM images of the alloys strongly
supporting the above observations. However, the fine Ti2Cu
precipitates are not revealed in optical and SEM micrographs
due to resolution limit.

3.2 Hardness

Figure 4 shows the Vickers hardness values of the alloy in
various heat-treated conditions. All the samples irrespective of
heat treatment exhibited higher hardness when compared to
conventional Ti64 alloy (� 300HV) (Ref 1, 2, 30). Hardness of
b phase region treated alloys (solution treatment at 1010 �C)
(TC1010ST) is superior to that of a + b phase field treated
alloy (solution treatment at 900 �C) (TC900ST) which can be
accredited to the transformed b structure in TC1010ST
condition (Ref 29, 30). Furthermore, aged alloys (TC900STA
and TC1010STA) exhibited significantly higher hardness than
un-aged alloys (TC900ST and TC1010ST) of which
TC1010STA demonstrates highest hardness due to the forma-
tion of Ti2Cu intermetallic precipitates (Fig. 2).

3.3 Wear Behavior

3.3.1 Effect of Load and Sliding Velocity On. 3.3.1.1
Wear Rate. Figure 5 shows the effect of load (10-50 N) and
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Fig. 6 Coefficient of friction of the Ti-6Al-4V-2.5Cu alloy as function of applied load at different sliding velocities in different heat treatment
conditions. (a) TC900ST, (b) TC900STA, (c) TC1010ST and (d) TC1010STA
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sliding velocities (0.25-1.5 m/s) on the wear rate of the alloy in
different heat-treated conditions, respectively. It can be
observed that in all the heat-treated conditions wear rate
increases with the increase in normal load (Fig. 5). However,
the wear rate changes with the change in sliding velocity for
various heat-treated conditions. The velocities at which the
minimum and maximum wear rates occur are presented in
Table 3. It can be noted that the alloy exhibits maximum wear
rate at a sliding velocity of 1.5 m/s in all heat-treated
conditions, whereas minimum wear rate at 1 m/s, except in
few cases.

Across all heat-treated conditions, the wear rate shows
minimal variation, particularly at sliding velocities ranging
from 0.25 to 1.5 m/s and under loading conditions of 10 to
� 20 N. However, the wear rate exhibits maximum variation at
the loading condition of 50 N for varying sliding velocities, as
shown in Fig. 5(a), (b), (c) and (d). Notably, the wear rate
remains relatively stable and lower at a sliding velocity of
1.0 m/s up to � 30 N loading range. A consistent trend in wear
rate is observed in both TC900ST and TC900STA conditions,

Fig. 7 Comparison of maximum temperatures attained during
sliding of the Ti-6Al-4V-2.5Cu alloy as function of sliding velocity
at different loads in different heat treatment conditions

Groove

Plowing

TC900ST-1.5 m/s-10 N TC900ST-1.5 m/s-50 N

TC900STA-1.5 m/s-10 N TC900STA-1.5 m/s-50 N(c) (d)

(b)(a)

Fig. 8 SEM micrographs of the wear tracks obtained on (a & b) TC900ST and (c & d) TC900STA alloy pins tested at 10 N (left) and 50 N
(right) loads at a different sliding velocity 1.5 m/s
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as depicted in Fig. 5(a) and (b). Conversely, some variation in
wear rate is observed in TC1010ST and TC1010STA condi-
tions, as shown in Fig. 5(c) and (d). However, it is noteworthy
that, regardless of the heat-treated conditions, the wear rate
tends to be higher at a combination of sliding velocity of 1.5 m/
s and a load of 50 N. The increase in wear with the increase in
sliding speed indicates the delamination mechanism which is
attributed to the thermal softening occurring in the material
during wear (Ref 32).

3.3.1.2 Coefficient of Friction (COF). The coefficient of
friction varied differently in different heat-treated conditions at
different loads and sliding velocities (Fig. 6a–d). Aged samples
show low coefficient of friction compared to un-aged ones.
Further, the combination of low sliding velocity and lower
normal load resulted in low coefficient of friction. Among all
the heat-treated conditions, the COF exhibits minimal variation
concerning load and sliding velocity, especially in the
TC1010ST and TC1010STA conditions, as depicted in
Fig. 6(c) and (d).

3.3.1.3 Maximum Temperature Attained during Test. It can
be observed that the temperature at the pin–disk contact area
increases with the increase in load and sliding velocity (Fig. 7).
The maximum temperature attained during sliding is low at

lower load (10N) and lower sliding velocities (0.25 m/s) and
higher at the higher load and higher sliding velocities (50N and
1.5 m/s), respectively. The alloy subjected to aging treatment
(TC900STA and TC1010STA) experienced lower maximum
temperatures than those in solution-treated condition (TC900ST
and TC1010ST). The maximum temperatures attained during
the sliding test range from 30-38 �C at 10 N and 38-104 �C at
50 N loads. From the results, it can be concluded that aging
treatment has reduced the tendency to raise the temperature of
the alloy during sliding.

3.3.2 Worn Surface Analysis. The SEM micrographs of
the worn surface of the alloy pins in different heat-treated
conditions are shown in Fig. 8 and 9. The alloy in all heat-
treated conditions exhibited sliding marks characterized with
grooves and ridges illustrating smearing, plowing and plastic
deformation. However, plastic deformation is not so consider-
able at low loads and sliding velocities. Flake-like metallic
debris are generated at high loads and sliding velocities. The
presence of continuous grooves and micro-cuttings on the wear
tracks indicates abrasion. In the cases of metal-on-metal sliding
contact situation, the possibility of two-body abrasion can be
expected due to plowing action of sharp asperities present on a

TC1010ST-1.5 m/s-10 N TC1010ST-1.5 m/s-50 N

TC1010STA-1.5 m/s-10 N TC1010STA-1.5 m/s-50 N(c)

(a) (b)

(d)

Groove

Delamination

Delamination

Fig. 9 SEM micrographs of the wear tracks obtained on (a & b) TC1010ST and (c & d) TC1010STA alloy pins tested at 10 N (left) and 50 N
(right) loads at a different sliding velocity 1.5 m/s
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hard surface (in the present case En-31 steel disk, hardness
� 63-65 HRc � 780-840 HV10). At the onset of wear, the hard
asperities penetrate the softer surface (in the present case Ti-
6Al-4V-2.5Cu alloy pins, hardness � < 510 HV10) under the
normal contact pressure. When a lateral motion is executed,
removal of material from the softer surface due to collective
effects of �micro-plowing,� �micro-cutting� and �micro-cracking�
occurs, resulting in grooves and scratches on the worn surface
as shown in Fig. 8 and 9. The shifting of materials toward the
groove sides occurs when the pin plows into the disk surface
and this is known as plowing mechanism which is evident from
the distinct parallel furrows in the sliding direction on the wear
track. The wear debris often takes micro-cutting chips form.

At low load (10 N) and low sliding velocity (0.25 m/s), the
alloy exhibited the ductile, plowing type of metallic wear in all
heat treatment conditions. The wear tracks are clear, smooth
and formed uniform grooves with less plastic deformation. The
worn surface of TC900ST (0.25 m/s at 10 N) pins exhibited
less plastic deformation due to the formation of oxide scale
reducing the interaction between the disk and pin.

The wear track indicates a micro-fragmentation process.
Smooth compacted layers in the direction of sliding were

observed in the specimens tested at 0.25 m/s, whereas plasti-
cally deformed layers in the case of 1 m/s and 1.5 m/s. Many
abrasive grooves under the smooth layers were detected in the
direction of sliding. Abrasive action of the hard carbides in the
steel disk can be attributed for these grooves (Ref 33, 34).

At high load (50 N) and high velocity (1.5 m/s) (Fig. 8b),
brittle detachment of large particles from the surface forming
non-uniform grooves is clearly seen. At intermediate loads and
intermediate velocity, combined features of low and high
conditions can be observed. In TC900STA (Fig. 8c) and
TC1010STA (Fig. 9c) condition, the plowed surface exhibited
perpendicular cracks which are result of subsurface cracks
propagation to the worn surface as the deformation progresses
(Ref 33, 34). Along with these cracks, galling wear appearance
suggesting delamination is also observed in the SEM images of
TC1010ST and TC1010STA (Fig. 8 and 9) indicating adhesive
wear. Therefore, it is believed that higher wear rate is a resultant
of abrasive wear and delamination of the deformed surface
layers.

3.3.3 Wear Debris Analysis. 3.3.3.1 Morphological
Analysis. The debris collected from wear tests of TC900ST,

  

  

TC900STA-0.25 m/s-10 NTC900ST-0.25 m/s-10 N (a) (b)

(c) (d)
TC1010ST-0.25 m/s-10 N TC1010STA-0.25 m/s-10 N

Fig. 10 SEM micrographs of the wear debris of (a & b) TC900ST and TC900STA; (c & d) of TC1010ST and TC1010STA alloy pins tested at
10 N at sliding velocity 0.25 m/s
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TC900STA, TC1010ST and TC1010STA at different loads (10
and 50 N) and sliding velocities (0.25, 1, 1.5 m/s) were
analyzed to determine the wear mechanism, and few are shown
in Fig. 10, 11, and 12. The general trend of the morphology of
wear debris is as follows: At low loads (10 N) and low sliding
velocity, the wear debris are fine (ranging between 1 and 5 lm)
and only some flake-like debris (about 20-30 lm width) are
intermittently present. However, at high loads (50 N) and high
sliding velocity (1.5 m/s) the wear debris are in the form of
large flakes/chips (average length of > 200-250 lm, width of
50-100 lm). The mixed morphologies of the debris at inter-
mediate velocities indicate that large flake-type debris increases
with the increase in sliding velocity.

The loose and fine debris observed at low loads and sliding
velocities indicates micro-fragmentation process, which is
apparent in oxidative wear, while chip-like debris indicates
micro-cutting action during wear (Ref 34, 35). Hence, at low
load and sliding velocity abrasive wear occurs, whereas large
amount of flake-like wear debris (plate-like particles), an
indicative of delamination wear, occurs at high load and sliding
velocity combination (Ref 33, 34). In addition, the large flake-
like debris (length: 200-250 lm and width: 100-150 lm)

indicates that the sliding wear is more rigorous at higher loads
(50 N) and velocities (1.5 m/s). Figure 10, 11, and 12 suggests
that the size of the flake-like debris is increased with increasing
the load and sliding velocity and these are formed due to severe
plastic deformation. At low load and sliding velocities,
influence of metallic wear is insignificant; nevertheless, it
becomes significant with increasing load and velocities as
indicated by the increased presence of plate-like debris (Ref 36-
38).

At lower linear speed (e.g., 0.3 m/s) Molinari et al. (Ref 35)
mainly observed the oxidative wear, whereas with the increase
in linear speed, at 0.8 m/s, only delamination wear mechanism
was found in Ti-6Al-4V. Although much higher speed (1.5 m/s)
is employed in the current study, the delamination wear
identified in the alloy agrees with the work of Molinari et al.
(Ref 35). One of the reasons for poor tribological properties of
pure Ti and Ti64 can be ascribed to their incapability of
forming a protective oxide layer during wear (Ref 35), and no
such protective oxidation constituents were detected in the
current study as well. Based on these observations, severe
delamination wear is suggested as the wear mechanism in the
current experimental conditions in Ti-6Al-4V-2.5Cu alloy.

TC900ST-1.5 m/s-10 N TC900ST-1.5 m/s-50 N

TC900STA-1.5 m/s-10 N TC900STA-1.5 m/s-50 N

(a) (b)

(c) (d)
a

Fig. 11 SEM micrographs of the wear debris of (a & b) TC900ST and (c & d) of TC900STA alloy pins tested at 10 N (left) and 50 N (right)
loads at sliding velocity 1.5 m/s
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3.3.3.2 Phase Analysis by XRD. The metallic debris of
TC900ST and TC101ST obtained at 50 N load and 1 m/s
sliding velocity were analyzed (Fig. 13). In case of TC900ST,
the debris comprises a-Ti and TiV, whereas in the case of
TC1010ST, a-Ti and Ti-Al and Ti-V intermetallics. The weak
reflections corresponding to Fe, and Fe4C probably resulted
from the wear of disk material. The plate-like debris in Fig. 11
and 12 are composed of a-Ti. Molinari et al. (Ref 35) reported
that at the lowest sliding velocity, the major portion of debris is
constituted by a mixture of TiO and metallic a-Ti. On the other
hand, with the increase in sliding speed, metallic a-Ti ratio
increases with minor fractions of compacted TiO particles. The
presence of a-Ti agrees with Molinari et al. (Ref 35) confirming
the metallic nature of plate-like debris.

4. Conclusions

• XRD studies of Ti-6Al-4V-2.5Cu revealed Ti2Cu precipi-
tates after aging.

TC1010ST-1.5 m/s-10 N TC1010ST-1.5 m/s-50 N

TC1010STA-1.5 m/s-10 N TC1010STA-1.5 m/s-50 N (d)(c)

(a) (b)

Fig. 12 SEM micrographs of the wear debris of (a & b) TC1010ST and (c & d) TC1010STA alloy pins tested at 10 N (left) and 50 N (right)
loads at sliding velocity 1.5 m/s

Fig. 13 XRD spectra of wear debris collected at 50 N load and
1 m/s sliding velocity

Journal of Materials Engineering and Performance



• The alloy in all heat-treated conditions exhibited higher
hardness than that of conventional Ti64 alloy.

• The hardness of TC1010ST and TC1010STA is higher
than that of TC900ST and TC900STA alloys. The increase
in hardness is observed upon aging. This is due to the for-
mation of Ti2Cu precipitates in the aged sample.

• There is an increase in wear rate of the alloy in both ST
and STA conditions upon increasing the load. At lower
loads and sliding velocities, the alloy in all heat-treated
conditions exhibits lower wear rate due to oxidation wear,
whereas at higher loads and sliding velocities wear rate is
more in all heat-treated and aged conditions due to delam-
ination wear.

• Higher wear rate is mainly due to the inability of Ti-6Al-
4V-2.5Cu alloy to form oxide (protective) layer.

• At lower loads and lower sliding velocities, the worn-out
metal debris is fine in size, while at higher loads and
higher sliding velocities debris are of flake-like morphol-
ogy.

• Severe delamination wear is the proposed wear mecha-
nism in the current experimental conditions in Ti-6Al-4V-
2.5Cu alloy.
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