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A B S T R A C T

In this study, tribo-corrosion behavior of TC4-Cu coatings with hypoeutectoid and hypereutectoid compositions 
(6 and 17 wt% Cu) on TC4 (Ti6Al4V) fabricated by laser surface alloying (LSA) was investigated. LSAed TC4-Cu 
coatings displayed a higher tribo-corrosion resistance than that of pristine TC4 in 0.9 wt% NaCl solution at 37 ◦C 
owing to lower friction coefficient (COF), higher hardness and nobler open circuit potential (OCP). Tribo- 
corrosion of the LSAed TC4-Cu coatings was found to be dominantly attributed to mechanical wear, followed 
by wear-induced corrosion, while the electrochemical corrosion was negligible. The tribo-corrosion resistance of 
the LSAed TC4-Cu coatings was significantly enhanced because of the existence of the hard intermetallic phases 
(Ti2Cu and TiCu), which effectively inhibit plastic deformation, reduce removal loss and galvanic effect between 
the worn and unworn regions during the tribo-corrosion process. The Cu-bearing TC4 coatings developed in this 
study demonstrate excellent tribo-corrosion resistance with effective anti-bacterial properties, suggesting their 
promising applications in the biomedical field.

1. Introduction

Ti6Al4V titanium alloy (TC4) is extensively applied as the body 
implants in orthopedics and dentistry due to their high mechanical 
resistance, outstanding corrosion resistance and biocompatibility [1–4]. 
Nevertheless, it is necessary to surmount a number of challenges, one of 
which being the ineffective antibacterial agent when TC4 is used as the 
body implants [5]. On the other hand, another weakness of TC4 is its low 
tribological resistance leading to low durability [6]. Therefore, devel
oping novel titanium alloys with improved performance is crucial. 
Copper (Cu), an element possesses strong antimicrobial properties that 
have been employed to generate the bulk TC4-Cu alloys, which could 
effectively inactivate different microbes by direct contact mechanism 
[7]. Hypoeutectoid TC4-Cu alloys with Cu content lower than 7.1 wt% 
with controlled grain structure and desirable properties are suitable for 
manufacturing rings, disks, and blades of jet engines [8]. While hyper
eutectoid TC4-Cu alloys with Cu content higher than 7.1 wt% are used 
for medical uses owing to their excellent anti-bacterial efficacy [8]. 
Zykova and co-workers reported that TC4-5wt%Cu alloy produced by 
electron-beam additive manufacturing possessed higher tensile strength 
(1126 MPa) than that of TC4 (906 MPa) due to the presence of 

intermetallic phase (IMP) Ti2Cu [9]. Meanwhile, Peng et al. reported 
that the Ti6Al4V-xCu alloys (x = 4.5, 6 and 7.5 wt%) fabricated by hot- 
processing exhibited higher yield strength (965 MPa) and tensile 
strength (1100 MPa) than those of TC4, owing to more Ti2Cu [10]. On 
the other hand, the corrosion resistance of the sintered Ti–Cu alloy was 
found to be increased by the findings of Zhang and his-coworkers, who 
suggested that dissolution of the alloy could be inhibited by adding Cu 
[11]. In addition, it was reported that the TC4-5wt%Cu produced by 
ingot melting displayed a stronger antibacterial property with the 
greater antibacterial rate (98.6 %) against Staphylococcus aureus 
compared to TC4 (50 %) [12]. However, most of the published work are 
focused on the hypoeutectoid TC4-Cu alloys and the comparison of the 
tribo-corrosion between the hypoeutectoid and hypereutectoid TC4-Cu 
alloys is not reported in the literature.

In fact, one of the crucial requirements for the alloys for engineering 
and medical applications is desirable tribo-corrosion resistance. The 
degradation induced by the combined effect of mechanical wear and 
electrochemical corrosion, i.e. tribo-corrosion, is more serious than 
these two processes functioning separately [13,14]. During tribo- 
corrosion, the combination of high burdens of frictional contact and 
aggressive media for Ti-based alloy usually leads to a synergy and 
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enhanced material degradation [15,16]. Tribo-corrosion behavior of 
selectively laser-melted TC4 in simulated body fluid has been explored, 
the tribo-corrosion resistance was improved owing to the oxide layer 
formed on the surface [17]. While there is currently a dearth of work on 
the tribo-corrosion of the Cu-containing titanium alloys and coatings.

Laser surface alloying (LSA) is an efficient surfacing process which 
employs the high laser energy density to melt the coatings and a small 
part of the substrate beneath. Owing to fast quenching and high solidi
fication rate during the LSA process, refined microstructure, homoge
nized compositions, extended solid solubility and improved surface 
properties could be achieved [18]. In the previous study of the present 
authors, the hardness of the LSAed TC4-Cu were found to be signifi
cantly enhanced owing to the existence of the hard intermetallic phases 
[18]. In the stagnant 0.9 wt% NaCl solution at 37 ◦C, the LSAed TC4-6wt 
%Cu showed the mild micro-galvanic effect between intermetallic 
phases (cathode) and α-Ti (anodes) whereas the LSAed TC4-17wt%Cu 
was less corrosion resistant because of the more severe micro-galvanic 
effect between the intermetallic phases and the α-Ti/β-Ti [18]. With 
the different Cu contents in the LSAed TC4-Cu coatings, the hypoeu
tectoid coating (6 wt% Cu) consists of a primary Ti-rich metallic phase 
and a secondary Cu-rich phase (Ti2Cu). with higher ductility and 
toughness. While hypereutectoid coating (17 wt% Cu) has a more Cu- 
rich phase (Ti2Cu) with increased hardness and strength. Hence, it is 
expected the hypoeuctectoid and hypereutectoid coatings possess 
different resistance against tribo-corrosion in 0.9 wt% NaCl solution. In 
the present work, the influence of Cu content on the tribo-corrosion 
behavior of the LSAed TC4-Cu coatings with hypoeutectoid and hyper
eutectoid compositions in 0.9 wt% NaCl solution at 37 ◦C is examined by 
means of the electrochemical measurement and the ball-on-plate trib
ometer. Moreover, the synergism between mechanical wear and elec
trochemical corrosion of the LSAed TC4-Cu coatings is explored to 
further analyze the tribo-corrosion mechanism.

2. Experimental methods

2.1. Specimen preparation

TC4 plates with size of 20 mm × 20 mm × 4 mm were utilized as the 
substrate for LSA and its compositions are depicted in Table 1. To in
crease the surface roughness of the plates for better adhering with the 
pure Cu powder, they were taken for mechanically grinding with the 80- 
grit sand paper. The pure Cu powder (average diameter: 75 μm) and the 
polyvinyl alcohol (PVA, 4 wt%) were mixed together as the slurry. Using 
a paintbrush, the slurry was painted on the plate surface and the 
thicknesses of the pure Cu layers (t) was controlled to be about 25 and 
50 μm by weight method (Table 1). Then the TC4 plates pre-placed with 
pure Cu powder were dried with a fan heater and then LSAed using a 
high-power diode laser (HPDL, LDM 1000–1000, Laserline, Germany). 
The laser beam at power of 2 kW and diameter of 2 mm was delivered 
with an optical fiber, and the scanning speeds (v) of 20 and 40 mm/s 
were utilized for processing the LSAed specimens (Table 1). The basis for 
selecting the LSA parameters was to control the degree of dilution of Cu 
in the LSAed TiAlVCu coatings for achieving hypoeutectoid and hyper
eutectoid compositions. A thicker preplaced Cu layer allowed a higher 
Cu content to be alloyed in the alloyed zone. On the other hand, a higher 
laser scanning speed allowed a shorter interaction time between the 

laser beam and the pre-placed specimen leading to a lower degree of 
dilution and hence a higher Cu content. For the LSAed specimen TC4- 
6Cu with lower Cu content (6 wt%, hypoeutectoid composition), a 
thin pre-placed layer (25 μm) and a lower laser scanning speed (20 mm/ 
s) were used, while for the specimen TC4-17Cu with higher Cu content 
(17 wt%, hypereutectoid composition), a thicker pre-placed layer (50 
μm) and higher laser scanning speed (40 mm/s) were applied. Parallel 
tracks were successively overlapped on the surface by 50 % for fabri
cating the alloyed layers. To prevent the specimens from oxidation, an 
Argon gas shroud was utilized and the flow rate was set at 15 L/min. The 
LSAed TC4 with different Cu contents were fabricated by controlling t 
and v. The dilution ratio (DR) indicating the degree of dilution of Cu in 
the LSAed layer was determined by DR = (1-t/D) × 100 %, where D is 
the depth of the alloyed layer. The detail of specimen preparation can be 
found in a previous work of the present authors [18]. After LSA, the 
compositions of the LSAed specimens were analyzed using energy 
dispersive X-ray spectroscopy (EDS, Horiba EX-250, Japan). The 
scanning-electron microscope (SEM, Hitachi S-3400 N, Japan) was used 
to observe the microstructure of the specimens and the X-ray diffrac
tometer (XRD, Rigaku MiniFlex 600, Japan) was used to identify the 
phases present and was operated at 40 kV and 40 mA using Cu Kα ra
diation, and a scanning rate of 0.25◦/s. The software ‘ImageJ’ was 
applied to acquire the volume fraction of the formed intermetallic 
phases in the LSAed specimens.

2.2. Corrosion test under quiescent condition

Prior to the electrochemical measurements, the LSAed specimens 
and pristine TC4 (i.e. the working electrodes) were polished with 1-μm 
diamond paste to achieve an average surface roughness (Ra) of 0.05 μm 
conforming to ASTM Standard G133-22 [19]. A three-electrode elec
trochemical cell containing 0.9 wt% NaCl solution was used for 
measuring the potential and current through potentiostat (PAR Versa
stat 3F, Princeton, USA). The solution temperature was monitored at 37 
± 1 ◦C with an electronic thermostat. The exposed area of the specimen 
to the solution was about 1 cm2. A standard Ag/AgCl electrode (+0.197 
V vs. SHE at 25 ◦C) was utilized as the reference electrode (RE) while a 
platinum sheet was acted as the counter electrode (CE). For each spec
imen, the open circuit potential (OCP) was stabilized after 3600 s, and 
then potentiodynamic polarization (PD) test was conducted in the po
tential range of − 0.25 to +1.2 V (vs. Ag/AgCl) with the scanning rate of 
1 mV/s. The corrosion potential (Ecorr) and corrosion current density 
(Icorr) were obtained from the PD curves using Tafel extrapolation 
method with the software ‘PowerCorr’.

2.3. Tribo-corrosion test

To simulate the environment of the human body, all tribo-corrosion 
tests were performed using a ball-on-plate tribometer (UMT-2, Bruker, 
USA) connected to an electrochemical workstation (Fig. 1) in 0.9 wt% 
NaCl solution at 37 ◦C in accordance with ASTM Standard G119-09 [20]. 
The electrochemical cell was filled with 50 mL of freshly prepared 0.9 wt 
% NaCl solution for the tribo-corrosion test. The temperature of the 
solution was maintained at 37 ◦C by the electronic thermostat. The 
Al2O3 ball with diameter of 5 mm was slid against the specimen in 
reciprocating mode under a normal load of 20 N, with a frequency of 0.1 

Table 1 
LSA parametersa and compositions of pristine TC4 and LSAed TC4-Cu.

Sample t 
(μm)

v 
(mm/s)

D 
(mm)

DR 
(%)

Compositions (wt.%)

Ti Al V Cu

TC4 – – – – 90.3 ± 3.3 6.1 ± 0.1 3.6 ± 0.3 –
TC4-6Cu 25 20 1.02 ± 0.07 97.7 85.3 ± 2.5 5.9 ± 0.1 2.8 ± 0.4 6.0 ± 0.1
TC4-17Cu 50 40 0.79 ± 0.06 93.6 74.3 ± 2.6 5.4 ± 0.1 3.2 ± 0.1 17.1 ± 0.7

a t is the thickness of pre-placed Cu layer, v is the laser scanning speed, D is the depth of the alloyed zone and DR is the dilution ratio.
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Hz and a stroke length of 3 mm. Before sliding, the specimens were 
immersed in the solution for an hour to reached equilibrium. OCP was 
monitored for 300 s before sliding, then the Al2O3 ball was slid against 
the specimens for 1800 s and both OCP and coefficient of friction (COF) 
were recorded simultaneously. Finally, the OCP was measured for 
further 300 s without load. Polarization under tribo-corrosion condition 
was also performed to analyze the effect of mechanical wear on corro
sion, sweeping the potential range from − 0.25 to 1.2 V (vs. Ag/AgCl) at 
a scanning rate of 1 mV/s. It was then assessed over a sliding distance of 
18 m for 1800 s. The Icorr and Ecorr were also extracted under tribological 
condition. Moreover, the tribo-corrosion test was also conducted in 
cathodic condition at the potential − 1 V (vs. Ag/AgCl) for 1800 s. Under 
such condition, the wear loss was obtained due to the pure mechanical 
wear (without electrochemical effect) [21,22]. After the tribo-corrosion 
test, the morphologies of the worn surface of the specimens were 
observed using the 3D optical microscope (Contour GT-X3, Bruker, USA) 
which was equipped with a software (VISION64, Bruker, USA) for 
measuring the volume loss. The surface profiles across the wear track 
were measured and its volume loss was estimated by multiplying the 
area of the profiles at heights below zero (with reference to the unworn 
region) with the length of the wear track [23]. All the tests were per
formed in triplicate for reproducibility.

2.4. Calculation of tribo-corrosion synergism

The synergism of electrochemical corrosion and mechanical wear 
was performed conforming to ASTM Standard G119-09 [20]. The total 
material loss rate, T (mm/yr) is the sum of all components (i.e. pure 
mechanical wear rate W0, electrochemical corrosion rate C0 and their 
synergism S), S was obtained from the interaction of electrochemical 

corrosion and mechanical wear, by the following equation [20]: 

T = W0 +C0 + S (1) 

where T and W0 can be calculated by 

T
ΔV
AΔt

× 24
(

h
d

)

×365
(

d
yr

)

(2) 

W0
ΔV
AΔt

×24
(

h
d

)

×365
(

d
yr

)

(3) 

where ΔV is the volume loss (mm3) of the specimen exposed for Δt (h), 
and A is the exposed area of the specimen (1 cm2). T (in the corrosive 
medium) and W0 (in air) are determined using Eqs. (2) and (3)
respectively.

C0 (mm/yr) is the electrochemical corrosion rate under the quiescent 
condition. After the PD tests performed at a scan rate of 1 mV/s, C0 was 
calculated from the Icorr (μA⋅cm− 2) conforming to ASTM Standard G102- 
89 [24]: 

C0 = K
Icorr

ρ EW (4) 

where 

1
ρ =

WTi

ρTi
+

WAl

ρAl
+

WV

ρV
+

WCu

ρCu
(5) 

EW =

(
∑ niwi

Ai

)− 1

(6) 

Fig. 1. Setup for tribo-corrosion test.
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and K is a constant (3.27 × 10− 3 mm⋅g/(μA⋅cm⋅yr)), ρ represents the 
densities of the metallic elements (ρTi = 4.51 g/cm3, ρAl = 2.70 g/cm3, 
ρV = 6.00 g/cm3, and ρCu = 8.94 g/cm3), which can be calculated using 
the weight fractions of Ti, Al, V and Cu (see Table 1) with the rule of 
mixture, i.e., Eq. (5). The weight fractions of Ti, Al, V, Cu in the LSAed 
specimens is the WTi, WAl, WV and WCu, respectively (WTi + WAl + WV +

WCu = 1). The equivalent weight (EW) is defined in Eq. (6) where Wi is 
the weight fraction, ni is the valence and Ai represents the atomic mass of 
the ith element in the specimens.

S represents the material loss rate resulting from the synergism be
tween electrochemical corrosion and mechanical wear of the specimens, 
including the corrosion induced wear (ΔCW) and the wear induced 
corrosion (ΔWC). Hence, 

S = ΔCw +ΔWC (7) 

CW = ΔCw +C0 (8) 

WC = ΔWC +W0 (9) 

where CW is the total corrosion component of T and can be measured by 
electrochemical means by Eq. (4), Icorr is extracted from the potentio
dynamic polarization curve under sliding. WC is the total wear compo
nent of T, which can be calculated through Eqs. (7)–(9).

3. Results and discussion

3.1. Microstructure

The cross-sections of the alloyed layers of the LSAed specimens TC4- 
6Cu (6 wt% Cu, hypoeutectoid composition) and TC4-17Cu (17 wt% Cu, 
hypereutectoid composition) are shown in Fig. 2a and b respectively. No 
defects are detected in the alloyed layers and a strong metallurgical 
bond is formed between the TC4 substrate and the alloyed layers. From 
Fig. 2(a-b) and Table 1, the average thicknesses of the alloyed zones (D) 
were calculated from 5 different locations of the LSAed coatings 
(Table 1). The alloyed layer of TC4-17Cu (about 0.79 ± 0.06 mm) is 
thinner than that of TC4-6Cu (about 1.02 ± 0.07 mm), which is attrib
uted to the higher scanning speed. It means that the interaction time 
between the laser beam and substrate is shorter resulting in a faster 
cooling rate and forming a thinner alloyed layer [25]. The microstruc
tures of the LSAed specimens are displayed in Fig. 2c-d. The inter- 
dendritic phase (the brighter zone c-2 as shown in Fig. 2c) is observed 
in TC4-6Cu. It is confirmed to be the intermetallic phase (Ti2Cu) based 
on the atomic ratio of Ti (64.1 at.%) and Cu (28.5 at.%), i.e. 2:1 as shown 
in Table 2. Through the eutectoid reaction, the Ti2Cu formed at the 
boundaries of α-Ti of LSAed specimens with brighter contrast. The ex
istence of the phases is identified from the corresponding XRD patterns 
of the LSAed specimens (Fig. 2e) [26]. The standard JCPDS cards include 
No. 089-2762 (α-Ti), 044-1288 (β-Ti), 15-0717 (Ti2Cu) and 07-0114 
(TiCu) [27,28]. Using image analyzing, the volume fraction of Ti2Cu 
in TC4-6Cu is found to be about 10.6 vol%. In addition to Ti2Cu (the 
brighter zone d-2, Table 2), another intermetallic phase (TiCu) is 
detected in the LSAed specimen TC4-17Cu as the Cu content increase to 
17.0 wt% after LSA (Fig. 2d). The atomic ratio of Ti (50.5 at.%) to Cu 
(45.6 at.%) is close to 1:1 (brighter zone, d-3, Table 2), and the existence 
of TiCu in TC4-17Cu is evidenced by the TiCu peaks in the XRD pattern 
(Fig. 2e) [18]. Besides, the β-Ti peak is observed in TC4-6Cu and TC4- 
17Cu. It is because in the process of α-Ti nucleation and the genera
tion of other intermetallic phases, the ratio of β-Ti, Ti2Cu and TiCu reach 
a dynamic metastable equilibrium, and the β-Ti could not be completely 
transformed into the new phase but was partially retained [29]. Mean
while, the volume fraction of the intermetallic phases (Ti2Cu and TiCu) 
in TC4-17Cu is approximately 35.9 vol%, which is higher than that in 
TC4-17Cu (10.6 vol%).

3.2. COF under OCP measurements

Fig. 3a displays the plots of coefficient of friction (COF) vs time of the 
specimens in 0.9 wt% NaCl solution at 37 ◦C and the average COF values 
are shown Table 3. The plot of COF vs time of the pristine TC4 exhibits 
fluctuation while the plots of the LSAed specimens are steadier. The 
ranking of the average COF in descending order is: 

TC4 (0.355±0.018) > TC4 − 6Cu (0.304±0.028)

> TC4 − 17Cu (0.274±0.015)

It reveals that addition of Cu can decrease the COF of the LSAed TC4- 
Cu specimens. Dong et al. reported that decrease in average COF of the 
spark plasma sintered bulk Ti–Cu alloys was due to existence of Ti2Cu 
[30]. On the other hand, the increase in hardness of the LSAed speci
mens with Cu leads to reduction in COF. It is more difficult for the 
counter surface (Al2O3) to press into the hard surfaces of TC4-6Cu (551 
± 21 HV0.2) and TC4-17Cu (646 ± HV0.2) [18]. With the decrease in 
contact area, the reduced frictional force consequently led to a lower 
COF for TC4-6Cu and TC4-17Cu [31]. Besides the effect of hardness, the 
induced passive film during corrosion also contributes to the lower COF. 
Liu and coworkers reported that the passive film of the Ti–Cu alloy 
fabricated by laser powder bed fusion (LPBF) contained TiO2 and CuO 
detected using XPS [32]. Whereas only TiO2 existed in the passive film of 
TC4 [32]. In addition, it was proved that the passive film on the surface 
of Ti–Cu alloy produced by LPBF was denser and thicker (12.04 nm) 
than that on the pure Ti (10.36 nm) [32]. Hence, it can be deduced that 
more stable passive films (TiO2 and CuO) on TC4-Cu coatings result in 
redcued COF values (Fig. 3a and Table 3).

Fig. 3b displays the evolution of OCP for the specimens in 0.9 wt% 
NaCl solution at 37 ◦C before, during and after the sliding test. The OCP 
of the LSAed specimens were stable before sliding (from 0 to 300 s), 
indicating a stable oxide film was formed. It is observed that the OCP of 
TC4-6Cu is the noblest as compared with the pristine TC4 and TC4-17Cu 
under quiescent condition. The most active OCP of TC4-17Cu under the 
quiescent condition is attributed to the more severe micro-galvanic 
corrosion between the α/β-Ti and intermetallic phases (Ti2Cu and 
TiCu) as reported by the previous work [18].

During sliding (from 300 to 2100 s), the OCP of all specimens shift 
remarkably in the active direction, indicating that the corrosion process 
was accelerated [33]. The natural passive film on the specimens was 
removed or disrupted from the surface because of the sliding action 
against the Al2O3 ball [34]. Yamamoto et al. reported that the passive 
layer on the surface of 312L stainless steel was destroyed during sliding 
in acidic solution and the freshly worn surface became more susceptible 
to corrosive-wear leading to a sharp active shift in OCP [35]. In the 
present study, the OCP keeps relatively stable with the elapsed time 
during sliding (Fig. 3b) because of the dynamic equilibrium between 
formation (re-passivation) and mechanical wear of the passive film 
[36,37]. From Table 4, the OCP of the pristine TC4, TC4-6Cu and TC4- 
17Cu under sliding (OCPsliding) are actively shifted to − 677.5 ± 30.8, 
− 513.3 ± 18.2 and − 478.7 ± 27.5 mV respectively, demonstrating in
crease in corrosion tendency.

When sliding terminated at 2100 s, the OCP gradually shifts to the 
nobler direction (Fig. 3b) because the damaged passive film was 
repaired when the axial force was removed [38]. It is also known as re- 
passivation of the active surface. The re-passivation rate shows the 
relevant characteristic of the tribo-corrosion of the metallic materials: 
faster the recovery of the surface, higher tribo-corrosion resistance [39]. 
From the zoomed inset graphs at the marked region (Fig. 3b), the LSAed 
specimens show a shorter re-passivation time, i.e., higher re-passivation 
rate [40,41]. The re-passivation rate is higher with the higher Cu con
tent. But the final potentials (OCPfinal) of all the specimens are lower 
than that before sliding (OCPinitial, Table 3), which means that the pas
sive film cannot be completely restored in 300 s. The worn track caused 
by the tribo-corrosion during sliding stage (300–2100 s) still exists and 
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Fig. 2. Cross-section, EDS maps and compositional profiles of (a) TC4-6Cu and (b) TC4-17Cu; and microstructure of (c) TC4-6Cu and (d) TC4-17Cu, (e) XRD patterns 
of pristine TC4 and LSAed specimens.

Q. Qiao et al.                                                                                                                                                                                                                                    Surface & Coatings Technology 496 (2025) 131660 

5 



could be exposed to the solution leading to lower potential [42].

3.3. Potentiodynamic polarization

The polarization curves of the pristine TC4 and the LSAed specimens 
in 0.9 wt% NaCl solution at 37 ◦C under quiescent and sliding conditions 
are shown in Fig. 4. The corrosion parameters extracted from the curves 
are shown in Table 5. Sliding causes a remarkable influence on the 
corrosion behavior. Firstly, the curves under sliding condition are 
noisier than those under quiescent condition (Fig. 4b) as the contact 
surface between the test specimen and the Al2O3 ball could not be kept 

Table 2 
Compositions at different zones of LSAed specimens show in Fig. 2(c-d).

Zone (wt%) (at%) Phase

Ti Al V Cu Ti Al V Cu

c-1 92.7 3.3 2.3 1.8 90.9 5.7 2.1 1.3 α-Ti
c-2 60.0 3.2 1.4 35.4 64.1 6 1.4 28.5 Ti2Cu
d-1 92.3 2.7 2.3 2.7 91.1 4.8 2.1 2.0 α-Ti
d-2 56.5 2.3 2.4 38.9 61.4 4.4 2.4 31.8 Ti2Cu
d-3 44.2 1.0 1.7 53.0 50.5 2.1 1.8 45.6 TiCu

Fig. 3. (a) Plots of COF and (b) OCP vs. elapsed time of TC4 and LSAed specimens slid against Al2O3 balls in 0.9 wt% NaCl solution at 37 ◦C.

Table 3 
Average coefficients of friction (COF) during sliding in 0.9 wt% NaCl solution at 
37 ◦C and hardness of various specimens.

Specimens COF Hardness (HV0.2) [18]

TC4 0.355 ± 0.018 353 ± 6.5
TC4-6Cu 0.304 ± 0.028 551 ± 21
TC4-17Cu 0.274 ± 0.015 646 ± 18

Table 4 
Average OCP before sliding (OCPinitial), during sliding (OCPsliding) and after 
sliding (OCPfinal) of various specimens against Al2O3 ball in 0.9 wt% NaCl so
lution at 37 ◦C.

Sample OCPinitial (mV) OCPsliding (mV) OCPfinal (mV)

TC4 − 374.7 ± 9.6 − 677.5 ± 30.8 − 405.2 ± 19.7
TC4-6Cu − 305.3 ± 10.8 − 513.3 ± 18.2 − 418.5 ± 16.7
TC4-17Cu − 399.4 ± 15.0 − 478.7 ± 27.5 − 433.6 ± 17.3
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constant during the tribo-corrosion process [43]. Compared to the re
sults under the quiescent condition, the corrosion potential (Ecorr) ex
hibits a significant shift in active direction and the corrosion current 
density (Icorr) significantly increases (Table 5). It is noticed that the Icorr 
under sliding condition are about 59.0–121.1 times those of the quies
cent condition, demonstrating that the corrosion rate of the LSAed TC4- 
Cu specimens increase under sliding.

Under quiescent condition, it can be found that the corrosion resis
tance of the LSAed TC4-Cu reduces with the increase in the Cu content 
(Fig. 4a and Table 5). It can be observed that TC4-17Cu displays the 
lowest corrosion resistance under quiescent condition as the Icorr is about 
8.4 times higher than that of pristine TC4. The larger volume fraction of 
the nobler intermetallic phases (CuTi2 and CuTi, about 35.9 vol%) in 
TC4-17Cu results in a more significant micro-galvanic effect between 
the intermetallic phases (cathode) and α-Ti/β-Ti (anode) and in turn a 
higher corrosion rate [18].

On the contrary, adding Cu shows the opposite effect on the corro
sion behavior of the LSAed TC4-Cu under sliding (Fig. 4b). Bao et al. 
[44] indicated that the Ti-3wt%Cu showed the lower Icorr (3.12 μA/cm2) 
than that of cp-Ti (5.86 μA/cm2) during sliding. Compared with the 
pristine TC4 and TC4-6Cu, the LSAed specimen with higher Cu content 
(i.e. TC4-17Cu) shows the highest corrosion resistance, with the noblest 
Ecorr (− 456.8 mV) and the lowest Icorr (2.5 μA/cm2) under sliding con
dition (Table 5). It means that the influence of the micro-galvanic effect 
between the intermetallic phases and α/β-Ti on the tribo-corrosion 
behavior of the LSAed specimens is less significant in sliding condition 
as the phases are in active state during sliding.

3.4. Wear loss and worn surface morphology

Fig. 5 presents the 3D images of worn surfaces of the specimens after 
the sliding test in 0.9 wt% NaCl solution and the wear depth profiles 
along the line XY (across the worn track). From Table 6, the pristine TC4 
shows the most seriously worn track with the largest wear volume 
(0.0051 mm3). Whereas, it is observed that the LSAed specimens present 
the smaller volume loss. TC4-17Cu displays the highest tribo-corrosion 
resistance, with the smallest wear volume (0.0029 mm3) (Table 6).

Fig. 6 shows the SEM micrographs of the worn surface of the speci
mens for further investigating their tribo-corrosion mechanism. The 
worn surface of the pristine TC4 was plastically deformed seriously with 

deepest abrasive groove due to its lower hardness, which typically shows 
adhesive and abrasive wear (Fig. 6a). In addition, compact oxide is 
present on the worn surfaces of all specimens owing to repetitive ma
terial transfer between the counter surfaces. The plastic deformation and 
grooves observed on the surface of the pristine TC4 exposed a larger 
effective surface area to the NaCl solution, leading to accelerated 
corrosion during the tribo-corrosion process [45,46]. Moreover, pro
tection of the passive film on the pristine TC4 is destroyed when wear 
and corrosion occur simultaneously. From the EDS results (Fig. 6(a-II)), 
B and C sites contain much higher O content (up to 24.4 wt%), indicating 
the existence of titanium oxide on the worn surface of the pristine TC4. It 
is in line with the findings of Lu et al. [47], who found that some 
oxidized debris were produced during the sliding action between the 
TC4 and the counter surface. The oxidized debris kept sliding and then 
adhered to the surface, showing the occurrence of adhesive and abrasive 
wear.

As the passive film was removed, a new potential difference was 
created between the underlying fresh surface and the unworn surface 
and enhanced the corrosion and wear of the pristine TC4 [48]. For the 
LSAed specimens, the worn tracks are smoother and the grooves are 
shallower as the Cu content increases. For TC4-17Cu (Fig. 6c), the 
plough groove on the worn track is much alleviated. Also, plastic 
deformation is lessened considerably for the LSAed specimens which are 
harder than TC4 and more difficult to deform during the tribo-corrosion 
process [49]. The hardest TC4-17Cu possesses the highest resistance 
against the plastic deformation and a small area of peeling pits and some 
grooves are observed. EDS results also indicate that the worn debris 
formed on the LSAed specimens consists of lower oxygen content (Fig. 6
(c-II)) as compared to the pristine TC4. The oxygen content of TC4-6Cu 
and TC4-17Cu are in the range of 7.8 to 20.7 wt%. It means that the 
adhesion wear was obviously observed and TC4-17Cu possesses the 
highest tribo-corrosion resistance, which is supported by the hardness, 
and COF as well the lower Icorr during sliding condition (Figs. 3 and 4).

3.5. Synergism in tribo-corrosion

The synergism between electrochemical corrosion and mechanical 
wear is the dominant part for damaging the material during sliding 
against the Al2O3 ball in aggressive media [50]. Therefore, it is impor
tant to quantify the synergistic effect so as to further understand the 
tribo-corrosion mechanism. Based on Eqs. (1)–(9), the related parame
ters of the pristine TC4 and LSAed specimens are given in Table 7 and 
the contributions of tribo-corrosion components of various specimens 
are depicted in Fig. 7. The percentages W0/T of the pristine TC4, TC4- 
6Cu and TC4-17Cu are 55.06 %, 53.39 % and 52.99 % respectively, 
indicating that the pure mechanical wear is the dominant component for 
the material removal of all specimens. On the other hand, the percent
ages contributed by corrosion (C0/T) of the specimens are very small and 
it has very little influence on tribo-corrosion. The percentages of 

Fig. 4. Polarization curves of pristine TC4 and the LSAed specimens in 0.9 wt% NaCl solution at 37 ◦C under (a) quiescent and (b) sliding conditions.

Table 5 
Corrosion parameters of TC4 and LSAed specimens.

Specimens Ecorr (mV) Icorr (μA/cm2)

Quiescent Sliding Quiescent Sliding

TC4 − 363.8 ± 18.5 − 678.7 ± 31.1 0.057 ± 0.013 6.9 ± 0.4
TC4-6Cu − 197.8 ± 23.3 − 504.4 ± 20.6 0.074 ± 0.010 5.0 ± 0.2
TC4-17Cu − 296.3 ± 28.5 − 456.8 ± 24.1 0.480 ± 0.092 2.5 ± 0.2
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corrosion-induced wear (△CW/T) of the pristine TC4, TC4-6Cu and 
TC4-17Cu are 0.07 %, 0.06 % and 0.01 %, respectively. It is in accor
dance with the polarization results under sliding that the Icorr decreases 
as the Cu content increases (Table 5). Hence, it can be deduced that the 

pure mechanical wear is the domain factor leads to the material removal 
of the specimens. For TC4-17Cu, the contribution of mechanical wear 
(52.99 %) to removal loss is higher than those of electrochemical 
corrosion (3.60 %) and synergy (43.41 %).

At the same time, the wear and corrosion mechanisms of the LSAed 
specimens in 0.9 wt% NaCl solution under sliding is presented as the 
synergistic ratio of ΔCW and ΔWc (a) as shown in Eq. (10). 

a =
ΔCw

ΔWC
(10) 

When a ≤ 0.1, mechanical wear is predominant during the process. 
The wear-induced corrosion is induced when the 0.1<a ≤ 1. Corrosion is 
dominant in the tribo-corrosion systems when 1<a ≤ 10 and the pre
dominating process for material degradation is corrosion when the a ≥
10 [51]. From Table 7, the values of a of the pristine TC4, TC4-6Cu and 
TC4-17Cu are 0.00158, 0.00135 and 0.00021 respectively. It further 
confirms that the mechanical wear for the LSAed specimens is the main 
factor during the tribo-corrosion process. The removal loss of the spec
imens could be explained by the corresponding mechanical properties. 
Combining these results, it can be concluded that the primary tribo- 
corrosion mechanism of the TC4 is dominated by abrasion wear due to 
its lower hardness, resulting in the highest COF and the most active OCP 
(Fig. 3). The soft pristine TC4 results in a large extent of abrasive and 
adhesive wear, and generating a larger wear volume (Figs. 5 and 6). The 
pure mechanical wear effect causes the severe plastic deformation on the 
surface of TC4, resulting in the rough surface with high dislocation 
density, which directly accelerates the tribo-corrosion process [52,53].

The LSAed specimens exhibit higher tribo-corrosion resistance with 
lower COF, nobler OCP (Fig. 3) and lower wear volume (Fig. 5 and 
Table 6). It is well known that the hardness of materials plays a crucial 
role in their susceptibility to tribo-corrosion [54,55]. Acar and his co- 
workers found that the formation of TiO2 on titanium surfaces not 
only increases surface hardness but also enhances tribo-corrosion 
resistance [54]. Owing to the increased hardness of the LSAed speci
mens, in accordance with Archard’s law, the contact area between the 
Al2O3 ball and the surface of the specimen reduces, which contributes to 
the overall improvement in tribo-corrosion resistance [54,56]. In addi
tion, the presence of Ti2Cu in the Ti-based alloys improves resistance to 
plastic deformation, which in turn boosts wear resistance. Specifically, 
Ti–12Cu exhibits higher wear resistance compared to Ti-7.1Cu and 
Ti–3Cu due to this enhancement [10]. In the present study, the higher 
volume fraction of the hard intermetallic phases (Ti2Cu and TiCu) in 
TC4-17Cu also helps to improve its tribo-corrosion resistance [18]. Ju 
and his co-workers have reported that the microstructure of the hyper
eutectoid TC4-Cu bulk alloys fabricated by LPBF consist of the nano 
Ti2Cu phase which was detected using HRTEM [57]. The micro-hardness 
of the LPBFed TC4-Cu alloys gradually increases as the Cu content in
creases. The LPBFed TC4-10wt%Cu alloy is the hardest (596.8 HV) with 
the lowest wear rate owing to solid solution strengthening, fine-grain 
strengthening, and precipitation strengthening of the nano Ti2Cu 
phase. In the present study, the hypereutectoid LSAed TC4-Cu coating 
with 17 wt% Cu also possesses the highest hardness and highest tribo- 
corrosion resistance due to the existence of more Ti–Cu intermetallic 
phases.

3.6. Mechanism of tribo-corrosion

The static corrosion mechanism of the TC4-Cu coatings in 0.9 wt% 
NaCl solution has been reported in [18]. The pristine TC4 possesses the 
highest corrosion resistance owing to the tenacious passive TiO2 layer 
formed on the surface acting as a barrier against corrosion. For the 
LSAed specimen with a lower Cu content, i.e. TC4-6Cu, the micro- 
galvanic effect is less significant because the content of nobler Ti2Cu 
(10.6 vol%) is much smaller than that of the more active α/β-Ti. Then 
the protective film still plays the role in inhibiting corrosion, resulting in 
higher the corrosion resistance as evidenced by lower Icorr (Table 5). For 
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Fig. 5. (a) 3D images of worn surface of TC4 and LSAed specimens, and (b) 2D 
cross-sectional profiles of their worn surface along the lines XY in (a).

Table 6 
Wear width, wear depth and wear volume of TC4 and LSAed specimens after 
tribo-corrosion test in 0.9 wt% NaCl solution at 37 ◦C.

Specimens Wear width 
(mm)

Wear depth 
(×10− 5 mm)

Wear volume 
(×10− 2 mm3)

TC4 0.392 ± 0.020 1.79 ± 0.12 0.51 ± 0.04
TC4-6Cu 0.374 ± 0.015 1.55 ± 0.08 0.39 ± 0.03
TC4-17Cu 0.199 ± 0.010 1.22 ± 0.06 0.29 ± 0.02
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Fig. 6. SEM micrographs and EDS spectra of TC4 and LSAed specimens after tribo-corrosion test in 0.9 wt% NaCl solution at 37 ◦C: (a) pristine TC4, (b) TC4-6Cu and 
(c) TC4-17Cu. (I) and (II) correspond to the images taken by SE and BSE modes respectively.
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the LSAed specimens with a higher Cu content, i.e. TC4-17Cu, possesses 
a higher content of the nobler IMPs (Ti2Cu and TiCu) (35.9 vol%) than 
that in TC4-6Cu leading to a more significant micro-galvanic effect and 
the higher Icorr (Table 5).

From Fig. 8, the passive film or material is removed as the Al2O3 ball 
successively slid against the specimens due to the huge difference in 
hardness between the pristine TC4 and the Al2O3 ball (Fig. 8a). Then, the 

pristine TC4 is in the active state and the NaCl solution migrated into the 
damaged sites and promoted material dissolution, resulting in more 
severe spalling and the material loss from the pristine TC4. The worn 
debris might adhere to the interface between the pristine TC4 and 
counter surface, which promotes the occurrence of abrasive wear 
(Fig. 6). Severe plastic deformation of the surface leads to the more 
material loss of the pristine TC4 (Table 6). On the other hand, the 

Table 7 
Components of wear and corrosion of various specimens.

Specimen Components of wear, corrosion and synergism (mm/yr) a =
ΔCw

ΔWc 
(*10− 3)T C0 

(*10− 3)
CW △CW W0 S △WC WC

TC4 89.43 0.51 0.06 0.06 49.23 40.19 41.13 89.37 1.58
TC4-6Cu 70.00 0.55 0.05 0.04 37.37 32.63 32.58 69.96 1.35
TC4-17Cu 52.05 19.00 0.02 0.01 27.58 24.41 24.45 52.03 0.21

Fig. 7. Contributions of the components in tribo-corrosion for TC4 and LSAed TC4-Cu specimens in 0.9 wt% NaCl solution at 37 ◦C.

Fig. 8. Tribo-corrosion mechanisms of (a) pristine TC4 and (b) TC4-17Cu in 0.9 wt% NaCl solution.
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galvanic couple formed between the undamaged region (cathode) and 
the worn track (anode) further promote corrosion of the specimens [58]. 
Stronger galvanic effect on the pristine TC4 is induced due to its more 
serious worn track (Fig. 6). It means that the abrasive wear and galvanic 
effect result in lower tribo-corrosion resistance of the pristine TC4. For 
the LSAed specimens, their higher hardness inhibits plastic deformation 
and delays the permeation of the NaCl solution, resulting in higher tribo- 
corrosion resistance. From Fig. 8b, TC4-17Cu with the highest hardness 
and the largest volume fraction of Ti2Cu shows the least spalling, debris 
and the drastically lowest volume loss after the tribo-corrosion test. 
Meanwhile, galvanic corrosion is the least significant due to the smallest 
area of worn region. Both these factors lead to the highest tribo- 
corrosion resistance of TC4-17Cu.

4. Conclusions

The tribo-corrosion behavior of the LSAed TC4-Cu coatings with 
hypoeutectoid and hypereutectoid compositions (6 and 17 wt%) in 0.9 
wt% NaCl solution at 37 ◦C is studied. The LSAed TC4-17Cu coating 
display higher tribo-corrosion resistance than that of the LSAed TC4-6Cu 
coating due to lower COF, higher hardness and nobler OCP, and the 
tribo-corrosion resistance of the pristine TC4 is the lowest. Based on the 
contributions of the different components, the tribo-corrosion of the 
coatings is found to be mainly attributed to mechanical wear, followed 
by wear-induced corrosion, while the electrochemical corrosion is 
negligible. The tribo-corrosion resistance of the LSAed TC4-Cu coatings 
is significantly improved because of the existence of the hard interme
tallic phases (Ti2Cu and TiCu), which effectively inhibit plastic defor
mation, reduce removal loss and galvanic effect between the worn and 
unworn regions during the tribo-corrosion process.
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