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Abstract The wear and electrochemical corrosion
behavior of the biomedical Ti—25Nb-3Mo-3Zr-2Sn
(TLM) titanium alloy was investigated in various simulated
physiological solutions. Different simulated physiological
solutions comprised phosphate-buffered solution (PBS),
PBS with bovine serum albumin (PBS+BSA), and PBS
with hyaluronic acid (PBS4+HA) were employed. A po-
tentiostat and a reciprocating friction and wear tester were
used to study the wear and corrosion behavior of the TLM
alloy. The influence of the chemical composition of the
simulated solutions on the tribo-electrochemical behavior
was considered by potentiodynamic studies under recip-
rocating friction and wear conditions. It was found that the
corrosion tendency of the TLM alloy was the most obvious
in PBS+HA under static corrosion condition, while it was
just opposite with wear. Compared with static corrosion,
the corrosion resistance of the TLM alloy was decreased
with sliding conditions. The values of i, were two orders
of magnitude higher than those at static corrosion. This
phenomenon shows that the wear accelerated corrosion.
Under coexisting condition of both electrochemical corro-
sion and wear, the wear rate of the TLM alloy mutually
influenced by both factors will be accelerated. Plastic
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grooves and deformation were observed on the worn sur-
faces of the TLM alloy by scanning electron microscopy
(SEM). Through the observation of SEM, the tribological
mechanism was a typical corrosive wear, and the main
wear mechanisms were abrasive with adhesive wear under
the interaction between corrosion and wear. The XPS
results show that the passive films include the TiO,, ZrO,,
Nb205, M0205, and Sn203.

Keywords Titanium alloy - Ti-25Nb-3Mo-3Zr-2Sn -
Electrochemical corrosion - Simulated physiological
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1 Introduction

As biomaterial, titanium and its alloys have high specific
strength to weight ratio, excellent corrosion resistance,
good mechanical properties, in addition to exceptional
biocompatibility [1-4]. Among titanium alloys for medical
implants, Ti-6A1-4V alloy is the most frequently used
[4, 5]. But in the case of Ti—-6Al-4V alloy, there is another
problem—aluminum and vanadium may cause long-term
health problems [2, 5-8]—e.g., aluminum, it is possible
relation to Alzheimer’s disease [5, 8]. In early stage, the
titanium alloys composed of nontoxic elements that have
been developed are mainly a+J3 type ones. Therefore, the
trend in research and development of titanium alloys for
biomedical applications is to develop P titanium alloys
composed of nontoxic elements such as Nb, Ta, Zr, Mo,
and Sn [9-11]. These alloys have lower elasticity modulus,
higher strength, excellent corrosion resistance, and better
toughness to compar with the o and o+ titanium alloys
[9, 10]. Hence, a metastable B titanium alloy, Ti-25Nb-
3Mo-3Zr-2Sn (TLM) containing the nontoxic elements Nb,
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Zr, Mo, and Sn, was developed as biomedical material,
which is suitable for implant applications [12—16]. The TLM
alloy exhibits significant improvement in these properties
compared to the previous generation titanium alloys, such as
C.P. titanium and Ti-6Al-4V alloy. It has a low elastic
modulus, high strength, and exhibits considerable plasticity
as well as pseudo-elastic characteristic [15, 16].

Wear and corrosion are two of the most frequently
encountered failure modes for mechanical components
working under aggressive service conditions [17]. Wear—
corrosion is the degradation of material under simultaneous
removal by mechanical wear and corrosion [17-19]. Under
the conditions of wear and corrosion, the total removal rate is
usually not the sum of corrosion rate and wear rate measured
in separate tests [18, 19]. Usually, corrosion is accelerated by
wear, and similarly wear may be accelerated or slowed down
by corrosion [19]. Hence, a number of titanium alloys have
been employed to study the wear and corrosion behavior in
different simulated physiological solutions [20-26].

However, few investigations have been reported on the
reciprocating wear and electrochemical corrosion behavior
of the Ti-25Nb-3Mo-3Zr-2Sn (TLM) alloy. Therefore,
this work will research the wear and corrosion behavior of
the TLM alloy in simulated physiological solutions. The
potentiodynamic polarization curves, friction coefficient,
wear rate, wear—corrosion morphologies, and the compo-
sition of passive films will be obtained.

2 Experimental
2.1 Sample Preparation

TLM alloy was supplied by Northwest Institute for Non-
ferrous Metal Research as a rolled plate with 4.0 mm
thickness. The chemical composition of the TLM alloy is
given in Table 1. As-received plates of the TLM alloy were
used. The test samples were machined into rectangular
strips with a dimension of 35.0 x 25.0 x 3.5 mm by wire-
electrode cutting. Surfaces of test samples were mechani-
cally polished with SiC water proof abrasive papers fol-
lowed as 200#, 400#, 600#, 800#, 1000#, and 1200#, and
then cleaned ultrasonically in acetone, ethanol, and dis-
tilled water for 10 min, respectively, and dried under a cold
air stream through an electric hair dryer finally. The surface
roughness (Ra) of the polished samples was between 0.061
and 0.062 um.

Table 1 Chemical composition of the Ti—-25Nb-3Mo-3Zr-2Sn alloy
(wt%)

Ti Nb Mo Sn Zr C N H (6] Fe

Bal. 251 290 202 3.08 0.01 0.03 0.003 0.14 0.03
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2.2 Simulated Physiological Solutions

Phosphate-buffered solution (PBS) is a simulated body fluid
commonly used in biomedical research for implant materials
applications [27, 28]. In order to simulate the physiological
conditions of human, PBS was chosen for the electrolyte.
For comparison, bovine serum albumin (BSA) and Sodium
Hyaluronate were added in the PBS, respectively. Hence,
there are three different electrolytes that were used: Phos-
phate-Buffered Solution (PBS) with the composition of
8.0 g/LL NaCl, 0.2 g/LL KCl, 1.15 g/L. Na,HPOy,, and 0.2 g/L
KH,PO,, a PBS with the addition of 10 g/L. of BSA and a
PBS with the addition of 10 g/l of Sodium Hyaluronate
which was considered the effect of the hyaluronic acid (HA).
BSA was supplied by Sigma-Aldrichin in United States, and
Sodium Hyaluronate was supplied by Shanghai yuanye Bio-
Technology Co., Ltd in China. The buffered solutions were
adjusted to pH 7.4 £ 0.2 by acid—base balance fluid, and the
test temperature was maintained at 37 4+ 1.0 °C. All
chemicals were of analytical grade, and doubly distilled
water was employed in the preparation of these solutions,
and fresh solution was provided for each test.

2.3 Wear—Corrosion Tests

The wear—corrosion experiments were carried out in simulated
physiological solutions with a wear equipment to investigate
the behavior of the TLM alloy under the synergistic attacks of
corrosion and wear. The experimental apparatus for wear—
corrosion tests is shown in Fig. 1, which is composed of a
potentiostat (model CS350, China) and a reciprocating friction
and wear tester (model MFT-R4000, China).

All the results of electrochemical corrosion tests were
acquired by using the potentiostat with a typical three-
electrode test system. The system fitted with a platinum
sheet as counter electrode (CE), sample as working elec-
trode (WE) and saturated calomel electrode (SCE) as

Load

! .

Potentiostat

|

—
I

5 |A

—

Sample
Direction of motion
Polarization Curve

Fig. 1 Experimental apparatus for wear—corrosion tests: CE counter
electrode, WE working electrode, RE reference electrode
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Table 2 Physical properties of SizN4 ceramic ball

Ceramics Density Thermal expansion Poisson’s Hardness Elastic modulus
ball (g em™) coefficient (107 k1) ratio (Hv) (GPa)
SizNy 3.25 32 0.26 1,500 310
reference electrode (RE). The potentiodynamic polariza-
tion curves were obtained in the range from —1.0 V with 08" A PBS
respect to open-circuit potential (OCP) to 1.0 V (vs. SCE) 0.6 — B PBS+BSA
using a scan rate of 1 mV/s. sl — & PEItHA
The wear tests were carried on using a reciprocating = -
friction and wear tester. The friction pair is SizN,4 cer- E‘: 0.2_—
amic ball with 3 mm in diameter; its physical properties T 00f
are shown in Table 2, and it was supplied by Lanzhou E -0.2_- \B
Zhongke Technology Co., Ltd. The step length of recip- I~ -
rocating friction is 10 mm. The loads of 20 and 30 N were W a
used, while the friction frequencies were 2 and 5 Hz. The -0.6 - C—ﬂs\
total friction time is 23 min for each test. The surface e
roughness (Ra) of the tested samples was between 0.088 ottt ettt ettt bttt
1E-8 1E-7 1E-6 1E-5 1E-4

and 0.095 pm. Experiments were triplicated for each test
under different conditions.

2.4 Analytical Methods

After tests, potentiodynamic polarization curves can be
obtained. According to the polarization curves, the corro-
sion potential (E.,,) and corrosion current density (icor)
could be acquired by the extrapolation method of Tafel.

The wear volumes of the TLM alloy were measured by a
non-contact 3D surface profiler (NanoMap500LS, United
States). Then the wear rates of the TLM alloy are calcu-
lated through the Eq. 1 [29].

W= V/(NL) (1)

where V is the wear volume (mm?), N is the normal load
(N), and L is the sliding distance (mm).

The morphologies and composition of the wear scars,
material transfer, and wear debris were observed and
analyzed by using scanning electron microscopy (SEM,
JSM-6460LV), X-ray diffractometry (XRD, X’ Pert PRO
MPO), and X-ray photoelectron spectroscopy (XPS, KRA
TO S2XSAM 800).

3 Results and Discussion

3.1 Potentiodynamic Polarization Curves

3.1.1 Curves Without Wear

Figure 2 shows typical potentiodynamic polarization

curves of the TLM alloy in different simulated physio-
logical solutions. The corrosion parameters determined

Current density(Af‘cmz)

Fig. 2 Potentiodynamic polarization curves of the Ti-25Nb-3Mo-
3Zr-2Sn alloy under different simulated physiological solutions
without wear

from the Tafel region of the polarization curves are given
in Table 3. Tafel analysis indicates that the corrosion
potentials, E.q, in the PBS+BSA and PBS+HA solutions
are similar, but the values of E, in the two solutions are
more negative than those in the PBS. It is well known that
the more positive the E.,,, the material is more difficult to
corrosion. As can be seen from Fig. 2, the E.,, in
PBS+BSA are more negative than those in PBS invariably
at any point in time, and the results suggest that the addi-
tion of BSA increases the corrosion tendency of the TLM
alloy. The results are consistent with the results of C.
Valero et al. [29] and Cheng et al. research [30]. BSA acts
as inhibitor of the cathodic process and accelerates the
anodic reaction. The inhibition influence can be explained
by the presence of adsorbed BSA that may impede the
access of the oxidant to the metallic surface [29, 30]. For
another, the adsorption of the protein can bind to metal ions
and transport them away from interface between the solu-
tion and passive film [31]. The corrosion current density is
the same order of magnitude in different solutions, and the
value of i, in PBS+HA is the biggest. HA has higher
viscosity, when it was adsorbed on the surface of the TLM
alloy, it would refrain the diffusion of O and Ti ions,
reduce the rate of oxygen reduction reaction and slow
down the speed of the formation of the passive film on the
surfaces of the samples [30]. Without the protection of the
passivation film, the corrosion rate would increase in
PBS+HA.
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Table 3 Corrosion parameters of the Ti-25Nb-3Mo-3Zr-2Sn alloy in
different simulated physiological solutions

Simulated physiological solutions E.o (V) icor (X 1077 A cmfz)
PBS —0.51 1.31
PBS+BSA —0.56 5.45
PBS+HA —0.57 2.44

Table 4 Corrosion parameters of C.P. Ti and Ti—6Al-4V in PBS
solution at 37 °C [27]

Alloy Eeorr (V) icore (1077 A cm™?)
CP-Ti —0.39 33
Ti-6Al-4V —0.69 1.8

It is also can be seen that both BSA and HA increased
the cathodic current and moved the OCP in the negative
direction. The effect was most dramatic with the addition
of HA (Table 3). It is well known that many organic cor-
rosion inhibitors prevent corrosion by forming an adsorbed
film and blocking the mass transportation during the pro-
cess of corrosion; the proteins have high affinity for
adsorption onto metal alloy surfaces [30].

Bai et al. [27] reported the values of E and I, of the
C.P. Ti and Ti—-6Al-4V samples in the PBS solution at
37 °C, and the values are listed in Table 4. The results
show that the TLM alloy has lower corrosion rate in the
same corrosion conditions, compared with C.P. Ti and Ti-
6Al-4 V alloys. This is probably due to the constitution of
the protective oxide film formed on the surface of the TLM
alloy, and Bai et al. obtained the similar results [27].

3.1.2 Curves with Wear

Figures 3, 4, and 5 are the potentiodynamic polarization
curves of the TLM alloy in different simulated physio-
logical solutions with different wear conditions. The i o,
determined from the Tafel region of the polarization curves
and corrosion parameters of the TLM alloy with wear are
shown in Table 5. It can be seen that the E_,, of the test
specimens are lower with loading 30 N than those with
loading 20 N. It suggests that the interaction between
corrosion and wear at higher load is obvious. In other
words, at higher load, the TLM alloy is corroded easily
under the synergy of corrosion and wear. The friction
frequency has little effect on the E.,,. The value of E.,; is
lowest in the PBS+HA while the E.,,, is highest in PBS.
This situation shows that the TLM alloy has better wear
resistance in PBS+HA, because of the addition of HA.
Under the action of HA, the i, was increased with
increasing the friction frequency and load. Due to the
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Fig. 3 Potentiodynamic polarization curves of the Ti-25Nb-3Mo-
3Zr-2Sn alloy under the synergy between wear and electrochemical
corrosion in PBS with the loads of 20 and 30 N: a2 Hz b 5 Hz

viscoelasticity of HA, the wear debris could not disperse in
the simulated solutions and concentrate the friction surface.
These wear debris can be used as abrasive involved in the
wear and aggravated the wear of the friction surface.
Hence, the protective layer on the surface of the TLM alloy
was damaged, and the corrosion resistant of the TLM alloy
was decreased.

The i, increases while the load increases, due to the
role of the wear increases in the interaction at higher load.
Besides, it also can be found that the volatility of anode
polarization curves is improved with loading. The effect of
wear was enhanced as load increased, the surface rough-
ness of the test samples and the friction pair were
increased, the friction were not stable, and resulting in the
potentiodynamic polarization curves had major fluctua-
tions. The simulated solutions can react with the TLM
alloy and generate passive film on the friction surface [31].
At higher load, the passive film could be easily damaged,
lose the protection for the alloy, and accelerate the
corrosion.
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Fig. 4 Potentiodynamic polarization curves of the Ti-25Nb-3Mo-
3Zr-28n alloy under the synergy between wear and electrochemical
corrosion in PBS+BSA with the loads of 20 and 30 N:a2 Hzb 5 Hz

In addition, compared with the static corrosion, the E.,,
and i, increased. This illustrates that the wear plays an
important role in decreasing the corrosion resistance of the
TLM alloy. That is, wear accelerated the corrosion in these
test conditions. The value of i.,, is two orders of magni-
tude higher than those at static corrosion. This means that
the wear rates increased noticeably. The results are con-
sistent with the study of Mischler et al. [32]; the wear-
accelerated corrosion due to depassivation of worn areas is
likely to contribute significantly to the overall contact
degradation.

3.2 Wear Behaviors

The simulated physiological solutions can reduce the wear
between the friction pairs and decrease the friction coeffi-
cient. On the other hand, the surface roughness of the tested
samples was changed with the development of the test. As
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Fig. 5 The potentiodynamic polarization curves of the Ti—25Nb-
3Mo-3Zr-2Sn alloy under the synergy between wear and corrosion in
PBS+HA with the loads of 20 and 30 N: a2 Hz b 5 Hz

a result of the mutual interactions of these factors, the
friction coefficient should be present complex changes
[33].

The friction coefficients of the TLM alloy under the
interaction between corrosion and wear are presented in
Fig. 6. It can be seen that the average friction coefficient is
0.3-0.5. The value of friction coefficients is maximum in
PBS while the value is minimum in PBS + BSA. This
phenomenon shows that the PBS+BSA has better lubri-
cation than PBS and PBS+HA. It is chiefly because the
TLM alloy reacts with the PBS4+BSA solution and forms
passivation film, and these passivation films have better
lubrication than those in PBS and PBS+HA. At high load
of 30 N, the friction coefficient is higher than that at 20 N.
When the applied load was larger, the surface roughness of
the test samples would be increased, due to the severe worn
surface. And the frictional resistance between the samples
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Table 5 Corrosion parameters of the Ti-25Nb-3Mo-3Zr-2Sn alloy
under different wear—corrosion conditions

Frequency = Load  SPSs Ecorr (V) dcorr
(Hz) (N) (x1077 Aecm™?)
2 20 PBS —0.43 243
PBS+BSA  —045 1.30
PBS+HA —0.31 2.06
30 PBS —0.55 1.09
PBS+BSA  —0.49 2.29
PBS+HA —0.36 2.88
5 20 PBS —0.46 1.20
PBS+BSA  —-044 3.46
PBS+HA —-0.35 3.50
30 PBS —0.56 1.66
PBS+BSA  —0.55 10.36
PBS+HA —0.39 8.06
SPSs simulated physiological solutions
0.65
0.60 |- o PBS © PBS+BSA A PBS+HA
- 0.55 -
-]
[*]
= 050 g
=l g ]
c 045k
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0.35
L (4] o]
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Fig. 6 Friction coefficient of the Ti-25Nb-3Mo-3Zr-2Sn alloy
against a SizN, ceramic counterface in various simulated physiolog-
ical solutions

and ceramic ball would be increased in result; the coeffi-
cient increased with increasing loads. The higher friction
coefficient observed at 30 N compared to 20 N corre-
sponds well with the findings of Mischler et al. [34]; this
situation can be explained by the higher stress imposed to
the third body layer.

At low friction frequency of 2 Hz, the friction coeffi-
cients are slightly higher than those at 5 Hz, but the values
of the friction coefficients are not changed significantly.
This phenomenon shows that the influence of friction fre-
quency on the friction coefficient is less than the load.

Under the coexisting condition of both corrosion and
abrasion, the wear loss of the TLM alloy effected by both
factors will be accelerated, and so did the wear rate. Fig-
ure 7 shows the wear rates of the TLM alloy in various
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Fig. 7 Wear rates of the Ti-25Nb-3Mo-3Zr-2Sn alloy against a
Si3N4 ceramic counterface in various simulated physiological
solutions

conditions. The values of the wear rates are in range
between 2.5 x 107* and 3.3 x 107* In PBS+HA, the
values of the wear rates are highest while the values are the
lowest in PBS+BSA, due to the small friction in
PBS+BSA. Corrosive components such as HA in
PBS-+HA can cause the corrosion and material removal of
frictional pairs. The greatest amount of acidic compounds
in PBS+HA leads to the serious corrosive wear and the
highest wear rate, and this result is consistent with the
research of Xu et al. [35].

Under the same loading condition, when the friction
frequency is 2 Hz, the values of the wear rates are higher
than those at 5 Hz. That is, the wear rates decreased with
the increment of the friction frequency. This is because of a
reduction of the contact time by increasing the frequency,
which in turn reduces the speed of removing of the pro-
tective film, and therefore the wear was decreased [35]. But
under the same friction frequency, the load has little effect
on the wear rates.

The BSA was adsorbed on the frictional surfaces, and
this would increase the lubrication effect between the
friction pairs. By contrast, the HA on the frictional surfaces
not only has the effect of reducing-friction and anti-wear
but also decreased accelerate wear. These phenomenons
are attributed to the interaction between the corrosion and
wear. At the same time, acidic compounds caused the
corrosion and increased wear.

3.3 Corrosive Wear Morphologies

The typical SEM morphologies of worn surfaces of the
TLM alloy are shown in Fig. 8, which the alloy against the
SizN, counterface by using a normal load of 20 N with a
friction frequency of 5 Hz on a reciprocating friction and
wear tester.
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Fig. 8 SEM observation of worn surfaces for the Ti-25Nb-3Mo-
3Zr-2Sn alloy against a Si3N4 ceramic counterface using a normal
load of 20 N with a friction frequency of 5 Hz on a reciprocating
friction and wear tester in different simulated physiological solutions:
a PBS; b PBS+BSA; ¢ PBS+HA

Due to the higher load-bearing capability of the TLM
matrix, the metallic appearance is not observed on the
worn surfaces. The plastic grooves and deformation in
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Fig. 9 The XRD patterns of the Ti-25Nb-3Mo-3Zr-2Sn alloy
before and after wear in PBS+HA

different sizes, and the metallic particles adhesion are
obviously observed in these worn surfaces. The relative
motion of the two surfaces induced plastic deformation
[33]. In result, severe material transfer through abrasive
and adhesive wear is likely to occur when the TLM alloy
against the SizN, counterface, leading to the fluctuation of
friction coefficients (Fig. 7). The visible grooves inside
the worn surfaces are parallel to the sliding movement,
showing a predominant abrasive mechanism, and the
similar results are acquired by Runa et al. [28] and Abad
et al. [36]. The abrasive mechanism was induced by the
wear debris.

The sizes of plastic grooves in Fig. 8 correspond to
the wear rates in Fig. 7. In Fig. 8a, the grooves are
narrow and shallow, leading to the wear rates are lowest
in PBS+BSA. In contrast, in PBS+HA (Fig. 8c), the
wear rates are highest due to the deep and wide grooves
which were produced during the process of corrosion and
wear.

The shallow and continuous passive films and some
metal particles are observed on the worn surfaces in
Fig. 8. The metal particles were pulled down from the
worn surface. The metal particles and passive films are
adhered on the worn surface. The adhesive passive films
showed excellent protection to the severe metallic wear,
but the electrochemical corrosion occurred in the passive
films. This may be due to the protection layer on the
metallic surfaces that were damaged by wear, and the
fresh surfaces were exposed to the corrosive liquid. The
apparent decrease of wear rate and the continuous for-
mation of passive films during the wear testing proved a
dominant oxidative mechanism of the TLM alloy sur-
faces against the Si3N, counterface [37]. In accor-
dance with the above analysis the results of the corrosion
and wear, the tribological mechanism can be attributed to
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Fig. 10 The XPS spectra the Ti-25Nb-3Mo-3Zr-2Sn alloy in
PBS+HA: a The XPS spectra the Ti—25Nb-3Mo-3Zr-2Sn alloy
after wear in PBS+HA; b The Ti2p XPS spectra; ¢ The Nb3d XPS

typical corrosive wear, and the main wear mechanisms
are abrasive with adhesive wear.

In order to find out the composition of the passive film,
XRD and XPS were selected to use. After tested in
PBS + HA, the sample was chosen to do the tests, because
of the sample has the highest wear rate. Figure 9 shows the
XRD results of the sample. As can be seen from the fig,
before and after test, the positions of the diffraction peaks
are unchanged basically. It implied that the chemical
composition of the sample surface was not change, and the
protein composition had not been found. It is probably
because the less content of protein and was not displayed.
Applications XPS can be used to analyze the chemical
composition of the sample surface. Figure 10 shows the
XPS results of the tested sample. According to the narrow
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spectra; d The Zr3d XPS spectra; e The Ols XPS spectra; f The Cls
XPS spectra; g The N1s XPS spectra

spectrum scan results of Ti2p, Zr3d, Nb3d, Ols, Cls, and
Nls, the spectrum peaks of each element were obtained,
and the results were 459.27, 183.02, 207.75, 531.12,
383.14, and 395.95 eV, respectively. Compared with the
Binding energy data, then based on the position of Ti2p,
Zr3d and Nb3d and the shape of Ols peak, the composition
of the passive films was determined, they are TiO,, ZrO,,
and Nb,Os. Due to the atomic percentage of Mo and Sn is
lower, while the two elements were found during the pro-
cess of scanning, but the values of binding energy were not
acquired. But according to the percentage of oxygen atoms,
it can be determined that the passive films also include
Mo,05 and Sn,Os;. Besides, the C and N elements are also
found in Fig. 10, and it implied that the protein was
adsorbed on the tested sample surface.
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Fig. 10 continued

4 Conclusions

The wear and electrochemical corrosion behavior of the
TLM alloy was studied in different simulated physiological
solutions. The following conclusions could be drawn from
the results:

(1) The chemical composition of the simulated physio-
logical solutions has effect on the tribo-electrochem-
ical behavior of the TLM alloy. Under the static
corrosion, the corrosion tendency of the TLM alloy
is the most obvious in PBS+HA, while the corrosion
rate is fastest in PBS+BSA.

(2) Compared with static corrosion, the corrosion ten-
dency of the TLM alloy is enhanced by wear. The
values of i.,, are two orders of magnitude higher
than those under the static corrosion, suggesting that
the wear-accelerated corrosion.

(3) Under wear and electrochemical corrosion, the wear
rate of the TLM alloy mutually affected by both

4.0

e,y

C1s 283.14
3.5

3.0 |-

2.5 |-

CPS( x 10%)

20|

1.5 |
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280 285 290 295

Bingding Energy(eV)

factors will be accelerated. Plastic grooves and
deformation are observed on the worn surfaces of
the TLM alloy. The tribological mechanisms are
typical corrosive wear, and the main wear mecha-
nisms are abrasive with adhesive wear. The compo-
sition of the passive films includes TiO,, ZrO,,
MOzOS, Sn203, and Nb205.
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