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In this study, corrosion, wear, and tribocorrosion of Ti-16Mo alloy manufactured by pow-

der metallurgy (PM) in phosphate-buffered saline are investigated. The results indicate

that the corrosion rate of Ti-16Mo alloy increases about 100 times from 0.00009 mm/yr to

0.00851 mm/yr under the tribocorrosion condition. Also, corrosion accelerates wear loss, and

wear increment rate due to the corrosion (4.7715 mm/yr) of Ti-16Mo alloy is about 40% of pure

mechanical wear rate (11.78 mm/yr). Compared with as-cast pure Ti (23.70999 mm/yr) and Ti-

6Al-4  V (17.12003 mm/yr), Ti-16Mo alloy exhibits the lowest materials loss of 16.56001 mm/yr

making it become a promising alloy for bone-tissue applications.
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Orthopedic implant materials

©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction
Replacement of functional disordered hard tissues, e.g. hip
joints and dental roots, with artificial instruments is becom-
ing increasingly popular [1,2]. Currently, Titanium (Ti) and its
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alloys, such as commercial pure Ti (CP-Ti), Ti-6Al-4 V (Ti64) and
Ti-5Al-2.5Fe alloys (wt.%, the composition of all alloy is pre-
sented by weight ratio hereafter), are widely used as the hard
tissue implant alloys [3–6]. However, these alloys have sev-
eral disadvantages. Firstly, CP-Ti possesses moderate strength
and wear properties while Ti64 and Ti-5Al-2.5Fe alloys contain
toxic vanadium (V) or aluminum (Al), which can lead to mental

disorder and Alzheimer’s disease [7]. Secondly, elastic mod-
ulus of CP-Ti (∼110 GPa), Ti64, and Ti-5Al-2.5Fe (∼120 GPa) is
higher than the elastic modulus of human bone (0.01–30 GPa).
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 mismatch in elastic modulus between them can cause stress
hielding effect, which results in bone degeneration and even-
ually to failure [8]. Therefore, novel Ti alloys with lower elastic

odulus and higher biocompatibility are needed urgently. Ti-
o alloys have attracted increasing attention in recent years

9–14]. Compared with other Ti alloys, Ti-Mo alloys have ser-
als advantages, as follows:

1) Mo  can lower the elastic modulus effectively by forming
�-phase;

2) Mo  is a biocompatible element, and is nontoxic and non-
allergenic;

3) Mo  has low magnetic susceptibility, which is beneficial for
magnetic resonance imaging (MRI) diagnosis;

4) Mo  can increase strength and wear resistance through
solution strengthening;

5) The price of Mo  is lower than the other widely used �-
phase stabilizing elements, such as Niobium (Nb) and
Zirconium (Zr).

Our previous study has demonstrated that Ti-16Mo alloy
xhibited improved hardness, wear, and corrosion resistance
ith lower elastic modulus [15]. Then, Ti-16Mo alloy is selected

or this study.
Corrosion and wear properties are the two important fac-

ors that affect the life span of alloys. At present, corrosion
nd wear behaviors of Ti-Mo alloys are usually studied sepa-
ately as isolated systems [16,17]. But implants are generally
ncompassed by body fluids in the human body that induces
orrosion. Also, there is relative motion between the implant
nd bone as well, such as sliding and fretting. Therefore, wear
nd corrosion can occur simultaneously when the alloys are
mplanted into the human body. This simultaneous occur-
ence phenomenon is called tribocorrosion [18,19]. It is usually
rreparable and happens on the surface of the implant [20,21].
nder tribocorrosion, the deterioration of the alloy is exacer-
ated and much larger than the sum of the material loss by
orrosion and wear alone. Hence, systematic studies about the
ynergistic interactions between wear and corrosion behav-
ors of Ti-Mo alloy are vital but still scarce in the literature.

In the present study, the wear, corrosion, and synergis-
ic interactions between them (tribocorrosion) of Ti-16Mo
lloy were investigated. This study aims to establish a basic
nderstanding of Ti-16Mo alloy degradation in terms of pure
orrosion, pure mechanical wear, and tribocorrosion. It also
ims to provide some insights into the interaction mech-
nisms between pure mechanical wear and corrosion of
i-16Mo alloy, which will provide basic supports for its practi-
al application as hard-tissue implant materials.

.  Materials  and  methods

.1.  Specimen  preparation

i-16Mo alloy was manufactured through the powder metal-

urgy (PM) using commercial Ti and Mo  powders. The size of Ti
owder is ≤ 45 �m while the size of Mo  powders is ≤ 25 �m.  All
owders have a purity of 99.9%. The powders are mixed firstly
nd then pressed into a cylinder. Finally, the cylinder was sin-
;9(x  x):9996–10003 9997

tered under the Ar atmosphere at 1500 ◦C for 2 h. The detailed
sintering procedure, particle size, and impurity content can be
found elsewhere [22–26].

2.2.  Tribocorrosion  and  pure  mechanical  wear  tests

The tribocorrosion of Ti-16Mo was investigated in phosphate-
buffered saline (PBS) by a ball-on-plate-tribometer (UMT-II)
at 37 ± 0.5 ◦C. The tribometer was integrated with an elec-
trochemical workstation to monitor the corrosion behavior
during sliding. Rectangular plates (20 mm × 6 mm × 2 mm)
were cut by electrical discharge machining (EDM). Then spec-
imens were then ground to 2000 grits by SiC abrasive paper
and followed by mechanical polished. Commercial cast CP-
Ti and Ti64 alloys were tested simultaneously as references.
The slip frequency was 1 Hz, and the corresponding slip speed
was 0.03 m/s. The stroke lengths were 15 mm.  The applied
load was 1.5 N, which lead to a Hertzian contact pressure
of 315−325 MPa for all three alloys. The counter material
was ZrO2 ball, which has a high hardness of 700 HV, and
the diameter was 10 mm.  Also, to obtain the pure wear rate,
the tribocorrosion measurement was also performed under a
potential of -0.8 V (vs. SCE), namely pure mechanical wear. The
coefficient of friction (COF) and open circuit potential (OCP)
before, during, and after sliding were recorded. For tribocor-
rosion and pure mechanical wear tests, 5 experiments were
repeated to verify the reproducibility, and the results were
expressed as mean ± standard deviation (SD).

2.3.  Electrochemical  test

Potentiodynamic polarization (PD) measurements with and
without sliding were measured by a three-electrode electro-
chemical workstation based on the ASTM G59-97 standard
[27]. The size of the test samples is the same as the samples
used in tribocorrosion and pure mechanical wear tests. Epoxy
resin was used to seal the samples, and the exposed area
was 120 mm2. Before the PD measurements, all samples were
ground with 2000 grit SiC abrasive paper and immersed into
the PBS solution for 2 h to stable the potential of samples. The
scan rate was 0.5 mV/s while the scan rate was -0.3−2 V vs OCP.
The corrosion potential (Ecorr) and corrosion current density
(Icorr) were obtained from PD curves. For the electrochemical
test, 5 experiments were repeated to verify the reproducibility,
and the results were expressed as mean ± standard deviation
(SD).

2.4.  Characterization

X-ray diffractometer was used to investigate the phase con-
stituents of the alloys. The target and wavelength were copper
(Cu) and 0.15406 nm,  respectively. Micro-hardness was tested
by a Buehler Micromet 2100 tester based on the ASTM E384-
11 standard [28], and the load was 0.5 N. The topography and
chemical composition of all samples after tribocorrosion and

wear tests were examined by an SEM (JSM-6480LV, Japan) inte-
grated with an energy dispersive X-ray spectrometry (EDS). A
white light interference microscope was used to observed the
profile of the wear tracks after tribocorrosion and wear tests.
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Fig. 1 – (a) XRD and (b) Vickers micro-hardness

Fig. 2 – OCP vs. time for Ti-16Mo, as-cast CP-Ti and Ti64
alloys before static corrosion test in PBS solution at 37 ± 0.5
◦

ing 2 h immersion before the static corrosion test. All the
C.

The material’s loss was calculated based on the profile of the
wear tracks.

2.5.  Quantitative  calculation

Total materials loss rate under wear and corrosion (T, mm/yr)
and pure wear rate (W0, mm/yr) were calculated according to
ASTM G119-09 [29]:

W = �m
S × � × t

× 24
(
h

d

)
× 365

(
d

y

)
(1)

where, �m  is the wear loss, which was calculated indirectly
from the white light interference microscope, g; � is specimen
density, g/cm3; S is the area of worn surface, mm2; t is test
time, h.

The pure corrosion rate (C0, mm/yr) and corrosion rate with
wear (CW, mm/yr) can be obtained from the following equa-
tion:
C = K ×
(
Icorr

�

)
× EW (2)
 of Ti-16Mo, as-cast CP-Ti and Ti64 alloys.

where, C is the corrosion rate, mm/yr, K is 3.27 × 10−3, mm
g/�A·cm·y; � is the density, g/cm3; Icorr is the corrosion current
density, A/cm2; EW is the equivalent weight, 12.5 for Ti-16Mo,
11.9 for CP-Ti and 12.01 for Ti64, respectively.

Based on T and CW, the wear rate with corrosion (WC,
mm/yr) can be calculated by the formula (3):

WC = T − CW (3)

By combining W0 and C0, �WC (wear increment due to the
corrosion, mm/yr) and �CW (corrosion increment due to the
wear, mm/yr) can be obtained based on the Eq.s (4) and (5):

�WC = WC − W0 (4)

�CW = CW − C0 (5)

3.  Results  and  discussion

3.1.  Structural  characterization  and  Vickers
micro-hardness

Fig. 1 shows Vickers micro-hardness and XRD patterns of Ti-
16Mo, CP-Ti, and Ti64 alloys. As shown in Fig. 1(a), The Ti-16Mo
alloy is characterized by the � phase with a small amount of
� phase while the CP-Ti and Ti64 alloys consist of � phase
and � + � phases, respectively. The Ti-16Mo alloy exhibits the
highest hardness of 403 HV, which is significantly higher than
that of CP-Ti (106 HV) and even higher than that of Ti64 alloy
(389 HV) (Fig. 1(b)). The highest hardness of Ti-16Mo among
three alloys is due to Mo added. Mo is a strong solid solution
element, and its addition to Ti alloys can significantly improve
the strength [8,30].

3.2.  Electrochemical  behavior

3.2.1.  OCP
Fig. 2 shows the OCP evaluation of all three alloys dur-
curves exhibit similar variations. The EOCP shifts in a posi-
tive direction as the immersion time increases and reaches a
quasi-stationary value after immersion for 2 h. Ti-16Mo alloy
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Fig. 3 – OCP vs. time for Ti-16Mo, as-cast CP-Ti and Ti64
alloys before, during, and after sliding in PBS solution at
37 ± 0.5 ◦C.
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is higher in tribocorrosion conditions than for pure mechan-
ical wear conditions. Under tribocorrosion, the surface layer

F
(

resents nobler potential (-0.125 V) compared with CP-Ti (-
.238 V) and Ti64 (-0.332 V) alloys.

Variation of OCP during tribocorrosion is presented in Fig. 3.
imilar to the OCP before the static corrosion test, the OCP
efore sliding increases gradually, and reaches a final quasi-
tationary state-stage after some time. When sliding starts,
he OCP falls abruptly. After a few minutes, the OCP reaches

 steady state. In general, OCP is a mixed potential of active
reas and passive unworn areas, and it is affected by the ratio
f these two areas [31]. It should be noted that before sliding
he surface of all samples formed stable oxide films. When
liding started the formed mixed oxide films were damaged by
he mechanical action at the contact region [32,33], leading to

 sharp decrease in OCP. However, when the depassivation and
assivation rates reached a dynamic equilibrium, all the sam-
les exhibited a steady potential. Compared with the potential
f CP-Ti (−0.664 V) and Ti64 (−0.507 V) alloys, the Ti-16Mo alloy
xhibits a much nobler potential of -0.431 V during sliding.
fter sliding the OCP of all three alloys gradually attain the

re-sliding values, indicating repassivation behavior occurred

34]. Among the three alloys, the Ti-16Mo alloy exhibits the

ig. 4 – PD curves of Ti-16Mo, as-cast CP-Ti, and Ti64 alloys in PB
a) and trribocorrosion (b).
;9(x  x):9996–10003 9999

highest potential of −0.136 V after sliding, meaning that the
Ti-16Mo alloy has the highest repassivation capability.

3.2.2.  Potentiodynamic  polarisation
PD curves of Ti-16Mo, CP-Ti, and Ti64 alloys in PBS solution
at 37 ± 0.5 ◦C under static corrosion and tribocorrosion con-
ditions are shown in Fig. 4. It can be found that there is no
significant difference for all of the cathodic branches, indicat-
ing there is a similar cathodic reaction occurred. The anodic
branches under both static corrosion and tribocorrosion con-
ditions also exhibit similar curves, chartered by three potential
domains. Take Ti-16Mo alloy under static corrosion for exam-
ple (Fig. 4(a)), the first potential domain is between −0.22 V
(Ecorr) and −0.25 V, which current density rises with scan-
ning potential until it reaches the second potential domain
(0.25–1.1 V). When the scanning potential exceeds 1.1 V, it
enters the third potential domain, where the current density
increases with the scanning potential again, this time because
of the destruction of the formed oxide film by the high overpo-
tential. Under tribocorrosion (Fig. 4(b)), Ecorr of all alloys shifts
to a negative potential, and the corrosion current density (Icorr)
decreases significantly, indicating that accelerated corrosion
is induced by mechanical wear.

Table 1 shows Ecorr and Icorr obtained from PD polarization
curves. As Table 1 shown, compared with the values under
static corrosion, the Ecorr of all three alloys shifts to negative
about 200 mV, and the Icorr increases by approximately two
orders of magnitude under tribocorrosion. The corrosion rates
calculated by Eq. (2) are also shown in Table 1. Similar to the
results of Icorr, the corrosion rate of all three alloys increases
under tribocorrosion. Among three alloys, the Ti-16Mo alloy
presents the noblest potential and the lowest corrosion rate
under both static corrosion and tribocorrosion, meaning that
Ti-16Mo has the highest corrosion resistance.

3.3.  Wear  behavior

Fig. 5 shows COF of Ti-16Mo, CP-Ti, and Ti64 alloys under pure
mechanical wear and tribocorrosion. COF of all three alloys
gets corroded increasing the frictional forces, which leads to
stringer friction [35]. The Ti-16Mo alloy presents the lowest

S solution at 37 ± 0.5 ◦C measured under static corrosion
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Table 1 – Extracted corrosion parameters from PD curves for Ti-16Mo, as-cast CP-Ti, and Ti64 alloys in naturally aerated
PBS solution at 37 ± 0.5 ◦C.

Static corrosion Tribocorrosion

Alloy Ecorr (V) Icorr×10−8 (A/cm2) C0×10−4 (mm/yr) Ecorr (V) Icorr×10−6 (A/cm2) CW×10−2 (mm/yr)

Ti-16Mo −0.234 ± 0.05 1.02 ± 0.15 0.912 ± 0.09 −0.474 ± 0.05 1.03 ± 0.13 0.851 ± 0.07
CP-Ti −0.301 ± 0.06 3.77 ± 0.16 3.221 ± 0.15 −0.498 ± 0.15 4.48 ± 0.21 3.862 ± 0.11
Ti64 −0.329 ± 0.08 6.72 ± 0.19 6.114 ± 0.21 −0.663 ± 0.21 7.93 ± 0.19 7.123 ± 0.19

Fig. 5 – COF of Ti-16Mo, as-cast CP-Ti and Ti64 alloys in PBS
solution at 37 ± 0.5 ◦C under pure mechanical wear and

Fig. 7 – Wear rate of Ti-16Mo, as-cast CP-Ti and Ti64 alloys
in PBS solution at 37 ± 0.5 ◦C under pure mechanical wear
tribocorrosion condition.

average COF under pure mechanical wear (0.48) and tribocor-
rosion conditions (0.59), much lower than those of CP-Ti (0.67
and 0.79) and Ti64 alloy (0.57 and 0.69), respectively.

Wear tracks recorded on Ti-16Mo alloy, CP-Ti, and Ti64 after
the tribocorrosion and pure mechanical wear test are pre-
sented in Fig. 6. Similar to the results of COF, wear tracks
under the tribocorrosion condition are wide and deep for all
the three alloys. Among three alloys, Ti-16Mo alloy exhibited
the narrowest wear track of 0.948 mm and 0.332 mm under
tribocorrosion and pure mechanical wear conditions, respec-
tively, suggesting that the Ti-16Mo alloys have a greater wear
resistance than CP-Ti and Ti64 alloy.
Calculated wear rate after the tribocorrosion and pure
mechanical wear test is shown in Fig. 7. The wear rates of Ti-
16Mo, CP-Ti, and Ti64 alloys under tribocroosion conditions

Fig. 6 – 3D surface profilometry recorded on Ti-16Mo, as-cast CP-
wear test (d-f) at 37 ± 0.5 ◦C: (a), (d) Ti-16Mo alloy; (b), (e) CP-Ti; (c
and tribocorrosion test conditions.

are 16.56 mm/yr, 23.71 mm/yr, and 17.12 mm/yr, respectively,
while under pure mechanical conditions is 11.78 mm/yr,
16.88 mm/yr, and 12.16 mm/yr. Under tribocorrosion condi-
tions, the wear material loss has roughly increased by about
40%. This is mainly because the fact that the fresh metal
underneath exposed due to the passive film formed on the
surface is peeled off can be corroded, which ultimately accel-
erates the wear loss [36]. Ti-16Mo alloy, however, exhibits the
lowest wear rate irrespective of the conditions.

Fig. 8 shows the surface morphology of all alloys after tribo-
corrosion and pure mechanical wear tests. It can be found that
parallel grooves are existed to the sliding direction for alloys

under both tribocorrosion and pure mechanical wear tests,
suggesting that an abrasive wear mechanism occurs. Besides,
two different zones (dark and grey) can be found in the BSE-SE

Ti and Ti64 alloys after tribocorrosion test (a-c) and pure
), (f) Ti64.
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Fig. 8 – Detailed back-scattered electron and secondary electron (BSE-SE) images of the worn surfaces after tribocorrosion
t o al
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est (a-c) and pure wear test (d-f) at 37 ± 0.5 ◦C: (a), (d) Ti-16M

mages under both tribocorrosion and pure mechanical wear
onditions. To identify the chemical of these two zones, EDS
as carried out. Taking Ti-16Mo alloy under tribocorrosion for

xample, the Z1 zone (grey) mainly consists of Ti and Mo while
here are more  O exists in the Z2 (dark) zone except for Ti and
o. This result suggests that oxides, such as TiO2 and MoO3,

re existed in the Z2 [37], which is caused by the squeezing
nd scraping between the alloy and the counter material dur-
ng sliding. As for CP-Ti and Ti64 alloys, similar results were
bserved, e.g. TiO2 and TiO2-Al2O3 oxides are presented in the
ark area (Fig. 8(e) Z3 and (f) Z4). Therefore, it is fair to assume
hat the abrasion and adhesion wear mechanism occurs for
ll alloys during tribocorrosion and pure mechanical wear.

.4.  Synergy  between  corrosion  and  wear

alculations exemplifying the synergistic effect between wear
nd corrosion are shown in Fig. 9. It can be found in

ig. 9(b) that the wear increment rate due to the corro-
ion (4.7715 mm/yr) of Ti-16Mo alloy is s about 40% of pure
echanical wear rate (11.78 mm/yr), meaning the corrosion

an greatly accelerate the wear loss. During sliding, a passive
loy; (b), (e) CP-Ti; (c), (f) Ti64.

film formed on the surface is removed by severe mechanical
forces. Then, a fresh unoxidized surface is exposed to a cor-
rosive solution. This type of surface has high electrochemical
activity, which will lead to the alloys dissolution and hence
accelerate the wear loss. In addition, as Fig. 9(c) shown, cor-
rosion rate enhances about 100 times from 0.00009 mm/yr
to 0.00851 mm/yr under tribocorrosion condition. Plastic
deformation is inevitable within the wear track under tribo-
corrosion conditions due to the continuing sliding action. This
will induce lots of defect points, such as cracks and dislo-
cations, which can act as the corrosion location, and hence
accelerate the corrosion. Comparing with Fig. 9(a), (b), and (c),
it can be found the total of pure mechanical wear and the pure
corrosion rate is nearly same with the pure mechanical wear
rate, while the total of wear and corrosion increment is nearly
same with the wear rate increment. This result indicates that
all the three alloys deterioration was mainly controlled by pure
mechanical wear and corrosion-induced wear.

Comparing material loss of Ti-16Mo, CP Ti, and Ti64 in Fig. 9,

it can be found that the Ti-16Mo alloy has the lowest materi-
als loss, which can be ascribed to the following aspects: (1) the
structural, component, and stability of the oxide film; and (2)
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Fig. 9 – Synergistic contributions of wear and corrosion of Ti-16Mo, as-cast CP-Ti and Ti64 alloys in PBS solution at 37 ± 0.5
◦C: (a) a total of pure mechanical wear and pure corrosion rate, and wear and corrosion increment, respectively; (b) pure
mechanical wear rate and wear rate increment due to the corrosion; (c) pure corrosion rate and corrosion increment rate due

r

to the wear.

high hardness. The addition of Mo  to Ti makes the compact
TiO2-MoO3 passive film formed, which can improve the corro-
sion resistance [22,38,39]. Additionally, Mo  is a nobler element
than Ti. When the corrosion occurs, the Mo elements can be
dissolved preferentially until the formation of a passive oxide
surface. For Ti64 alloy, there are lots of anion vacancies in the
passive film due to the existence of V [40,41], which can reduce
the stability of passive film and hence lower the corrosion
resistance. Furthermore, higher hardness also can enhance
the wear resistance of the alloys. Ti-16Mo alloy exhibits the
highest hardness (Fig. 1(b)), and hence the alloy has a min-
imum damaged surface [42]. As a result, the Ti-16Mo alloy
exhibits the lowest materials loss.

4.  Conclusions

(1) The corrosion and wear accelerate each other significantly,
and the corrosion rate and wear rate increase about 100
times and 40% under tribocorrosion, respectively.

(2) The materials loss of Ti-16Mo alloy is mainly due to pure
mechanical wear and corrosion-induced wear. The wear
mechanism of Ti-16Mo alloy is dominated by a combina-
tion of abrasion and adhesion.

(3) The total materials loss of Ti-16Mo alloy is 16.56001 mm/yr,
which is lower than both as-cast CP-Ti (23.70999 mm/yr)
and Ti64 alloys (17.12003 mm/yr). This makes Ti-16Mo
alloy become a promising candidate for orthopedics
implant applications.
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