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Abstract: Ti–25Nb–3Zr–2Sn–3Mo (TLM) alloys have been used in orthopaedics due to their excellent
biocompatibility. However, the poor tribological performance caused by the low shear strength limits
the applicability of TLM alloy. Herein, the surface of the TLM alloy was strengthened by induction
nitriding technology, and the microstructure of the formed nitride layer as well as its corrosion
property were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM) and
electrochemical workstation. The results showed that a gradient nitride layer with a thickness of
~30 µm was obtained on the surface of the TLM alloy after induction nitriding and the surface micro-
hardness of the TLM alloy also increased from approximately 230 HV to 1253 HV. Meanwhile, the
corrosion resistance of the TLM alloy in simulated body fluids (SBFs), was significantly improved by
the nitride layer, which was supported by the corrosion potential value increasing from −665.77 (the
raw sample) to −241.00 mV (the nitrided sample). Triborrosion behaviour is also characterized
by a reciprocating sliding wear tester connected to an electrochemical workstation with different
electrochemical conditions. The results evidenced that the TLM alloy has excellent tribocorrosion
resistance after induction nitriding, who’s the mechanical material loss (WA) was only 0.23% of that of
the raw sample under a 10 N load, and the total material loss (WT) was 15% of that of the raw sample.

Keywords: gradient structure; induction nitriding; synergistic effect; tribocorrosion; Ti–25Nb–3Zr–
2Sn–3Mo alloys

1. Introduction

The poor fretting and wear resistance of titanium alloys limit the application in many
fields [1,2]. Improving the tribocorrosion performance of titanium alloy implants is crucial
to avoid their failure in long-term use. Tribocorrosion within biomedical applications
accelerates the degradation of the implant material and generates a large quantity of
wear debris causing contamination [3,4]. Eventually, these processes induce inflammatory
reactions, bone resorption and other side effects [5,6], which considerably shorten the
service life of the implants. In addition, when compared to a human skeleton, the stress
shielding effect is prone to occur in the α and α + β titanium alloys with larger elastic
moduli, which commonly leads to implant failure and a series of health problems. The
tribocorrosion process favours the release of elements, such as Al and V, contained within
the Ti6Al4V implant material, this can cause nervous system disorders and other serious
side effects [7,8]. Tribocorrosion is an inevitable problem for implants. Over the past few
years, notable progress has been made in overcoming the distinct tribological barriers of
titanium and titanium-based alloys using different surface engineering techniques [9–11].
Nitriding is considered to be an effective method to improve the fatigue strength [12,13] and
improve wear resistance of titanium alloys and reduce corrosion products [14,15]. Extensive
research has been devoted to nitriding technologies, including laser [16,17], and plasma
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nitriding [18]. Compared with these processes, induction nitriding has the advantages of
being fast penetration, simple process and economical. The generated nitride layer has
high hardness, low coefficient of friction (COF), excellent tribocorrosion resistance and
good biocompatibility [19,20].

Ti–25Nb–3Zr–2Sn–3Mo (TLM) alloys are β-type titanium alloys [21] with satisfactory
biocompatibility, high strength, excellent plasticity and an elastic modulus similar to that
of the human bone [22,23]. Therefore, TLM alloy has considerable potential for use as
construction material in medical implants. To address the low hardness and poor wear
resistance of TLM alloy, nitriding can be used. In our previous work, it was found that the
induction nitride layer on the Ti6Al4V alloy surface can considerably improve the surface
hardness and effectively reduce COF and the wear rate in a fluorine-containing solution [24].
However, the electrochemical and tribocorrosion properties of the TLM alloy nitride layer
in simulated body fluids (SBFs) have not yet been investigated. Moreover, few studies
in the existing literature focus on nitrided TLM alloys. This paper aims to investigate the
tribocorrosion characteristics of the nitride layer in the presence of a simulated biocorrosive
solution to determine the behaviour of this material when subjected to motions observed
in some specific implant-related applications. Thus, reciprocating tribocorrosion tests are
conducted using a Ti/Al2O3 pair in SBF under different electrochemical conditions, and
the synergistic effect of corrosion and wear on the nitride layer was investigated.

2. Materials and Methods
2.1. Sample Preparation

The TLM alloys (Northwest Institute for Nonferrous Metal Research, Xi’an, China)
were cut into cylindrical samples with a diameter of 16 mm and a thickness of 8 mm. The
main components of the alloys are 25.5 wt.% Nb, 3.05 wt.% Zr, 2.05 wt.% Sn, 3.05 wt.%
Mo, 0.02 wt.% Fe, 0.010 wt.% C, 0.049 wt.% O, 0.003 wt.% N and Ti. The samples were
ground with SiC sandpaper from 60# to 2500# grit in order of decreasing coarseness and
subsequently polished with Al2O3 polishing powder suspension (0.5-µm-sized particle).
Finally, high-frequency induction heating equipment was used to nitride pretreated samples
at −30 KPa and 850 ◦C for 60 min in a N2 (purity >99.99%) atmosphere.

2.2. Electrochemistry Test

Electrochemical testing was carried out using a conventional three-electrode system
comprising a working electrode (i.e., testing materials), a platinum electrode as the counter
electrode and a saturated calomel electrode (SCE) as the reference electrode; the area of the
working electrode was 2 cm2. Potentiodynamic polarisation was carried out at a scanning
speed of 1 mV/s. Finally, the corrosion current (icorr) and the corrosion potential (Ecorr)
were calculated and analysed by Tafel fitting of the polarisation curve. The SBF solution at
37 ◦C was used as the electrolyte in the electrochemical and tribocorrosion tests (pH = 7.4).
Table 1 shows the chemical composition of the SBF used.

Table 1. Composition of simulated body fluids/(mmol·L−1).

Ions Na+ K+ Mg2+ Ca2+ Cl− HCO3− HPO42− SO42− Buffer pH

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5 Tris 7.4

2.3. Tribocorrosion Test

A reciprocating wear testing machine [24,25] was used in conjunction with electro-
chemical workstation (Claix, Ltd., Seyssinet-Pariset, France) to study the tribocorrosion
characteristics of the sample in SBF solution at a constant temperature of 37 ◦C. The friction
pair was an Al2O3 ball with a 7 mm diameter. The length of the wear scar was 12 mm,
the sliding speed was 0.92 m/min and the normal load on the ball was set to 1, 5 and
10 N. Tribocorrosion tests were conducted under three different electrochemical conditions:
(1) under an open circuit potential (OCP), (2) with an applied cathodic potential of −1.2 V
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and (3) with an applied anodic potential of 1 V. These potentials were selected based on
the results of the potentiodynamic polarisation tests. Before running the tests, the samples
were immersed in SBF for 300 s; the OCP was measured, or the specific potential was
applied while the response was recorded in the current measurements for 600 s. After this
stabilisation period, sliding was initiated under the selected electrochemical conditions;
the testing lasted 3600 s. Finally, the system was left at its predetermined potential for
another 600 s.

2.4. Characterisation

The phase structure of the raw sample surface and the nitride layer in different regions
were investigated by X-ray diffraction (XRD, X’Pert Pro, Panalytical, Ltd., Almelo, Nether-
lands). The test speed and range were 5◦/min and 30◦–65◦, respectively. An electrolytic
polishing machine (MoviPol-5, Struers, Ltd., Copenhagen, Denmark) was used to peel
the nitride layer. The electrochemical polishing of the nitrided sample was conducted
in a system comprising hydrofluoric acid and nitric acid, and stripping depth was mea-
sured using an altimeter (MH-15M, NIKON, Ltd., Tokyo, Japan). An optical microscope
(OM, Axio Scope. A1, Carl Zeiss, Ltd., Jena, Germany) was used to observe the sectional
metallography of the nitrided sample, and the element distribution was analyzed via
scanning electron microscope (SEM, SU8010, Hitachi, Tokyo, Japan) equipped with an
energy-disperse spectroscopy system (EDS, EDX-450, Oxford Instruments, Abingdon, UK).
In addition, the section hardness gradient of the sample subjected to the nitriding treatment
was measured with Vickers hardness tester (HV, Shenzhen Shunhua Instrument Equipment
Co., Ltd., Shenzhen, China). The experimental load was set to 0.245 N, and the load holding
time was 15 s. After the tribocorrosion tests, the surface morphology and material loss were
analysed using an optical three-dimensional surface profilometer (3D, Shenzhen Zhongtu
Instrument Co., Ltd., Shenzhen, China).

3. Results and Discussion
3.1. Characterisation of the Nitride Layer

Figure 1a displays the XRD patterns from the raw samples and the nitrided sample
with the removal of the nitride layer to different extents. The TLM alloy mainly consists
of β-Ti phases before nitriding. After induced nitriding, TiN and TiN0.3 formed on the
surface, which is similar with the results reported in the literature [20,26]. As shown in
Figure 1a, compared with the nitrided sample, the diffraction pattern of the TiN phase has
no significant change after the removal of the 1-µm-thick nitride layer, and the diffraction
peak of the TiN phase disappears after removing the 20-µm-thick nitride layer. The results
show that the nitride layer formed via the induction nitriding of the TLM alloy comprises
TiN and TiN0.3 phases on the surface and TiN0.3 and β-Ti phases on the subsurface. At
the beginning of the nitriding process, the TLM alloy comprises a single β-Ti phase, and
the nitrogen is primarily enriched on the surface of the substrate. On prolonging the
nitriding time, the transition from β phase to α phase occurs preferentially at the grain
boundaries, and a finely layered secondary α phase is formed [27]. N is a stable element in
the α phase, which diffuses from β phase to secondary α phase during phase transition
and is enriched at phase interfaces. Therefore, the diffusion of N varies from bulk diffusion
to phase interface diffusion [28], which is beneficial to increase the thickness of the nitride
layer. Subsequently, the surface with a high N concentration forms the TiN phase, and the
subsurface with a low N concentration forms the TiN0.3 phase.

Figure 1c shows the cross-sectional metallographic structure of the nitrided TLM alloy
etched using a Kroll etching solution under an OM. As shown in Figure 1c, a gradient
nitride layer with a thickness of ~30 µm was obtained on the surface of the TLM alloy after
induction nitriding. The nitride layer comprises a thin and dense TiN layer on the surface
(shown by the red arrow in Figure 1c) and a granular diffusion layer on the subsurface
(shown by the white arrow in Figure 1c). Moreover, to establish the distribution of elements
in this sample region, the line scanning profiles are shown in Figure 1b,d. The contents of
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Ti and N were the highest in the nitride layer zone, whereas the contents of Zr, Nb and Mo
were higher in the non-nitride layer zone.

Coatings 2023, 13, x FOR PEER REVIEW 4 of 18 
 

 

Figure 1c shows the cross-sectional metallographic structure of the nitrided TLM al-
loy etched using a Kroll etching solution under an OM. As shown in Figure 1c, a gradient 
nitride layer with a thickness of ~30 μm was obtained on the surface of the TLM alloy after 
induction nitriding. The nitride layer comprises a thin and dense TiN layer on the surface 
(shown by the red arrow in Figure 1c) and a granular diffusion layer on the subsurface 
(shown by the white arrow in Figure 1c). Moreover, to establish the distribution of ele-
ments in this sample region, the line scanning profiles are shown in Figure 1b,d. The con-
tents of Ti and N were the highest in the nitride layer zone, whereas the contents of Zr, 
Nb and Mo were higher in the non-nitride layer zone. 

 
Figure 1. Microstructure and elemental distribution of nitride layer for (a) XRD pattern of the dif-
ferent depths from the surface of nitrided sample (b) section elemental distribution (c) section metal-
lography and (d) section morphology. 

3.2. Microhardness 
Figure 2 shows the hardness of the TLM alloy cross-section after the induction nitrid-

ing treatment. Notably, the nitride layer on the surface exhibits a very high hardness 
(~1253 HV), while the hardness of the nitride layer decreases with the increase in depth, 
and finally reaches the hardness of the substrate (~230 HV). The key reason for this con-
siderable increase in surface microhardness is the formation of nitrides and solution 
strengthening of nitrogen. The formation of the TiN0.3 and TiN phases developed the hard-
ness of the TLM alloy. TiN are hard, brittle phases [19], and thus, the formation of nitrides 
on the surface increases the surface hardness. The content of nitrides decreases with in-
creasing distance from the surface, consequently, microhardness decreased with increas-
ing distance from the surface. In addition, the error of the hardness value in the subsurface 
became more notable, which can be attributed to the grainy diffusion zone on the subsur-
face that is randomly distributed in the soft β-Ti substrate. 

Figure 1. Microstructure and elemental distribution of nitride layer for (a) XRD pattern of the
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metallography and (d) section morphology.

3.2. Microhardness

Figure 2 shows the hardness of the TLM alloy cross-section after the induction ni-
triding treatment. Notably, the nitride layer on the surface exhibits a very high hardness
(~1253 HV), while the hardness of the nitride layer decreases with the increase in depth, and
finally reaches the hardness of the substrate (~230 HV). The key reason for this considerable
increase in surface microhardness is the formation of nitrides and solution strengthening of
nitrogen. The formation of the TiN0.3 and TiN phases developed the hardness of the TLM
alloy. TiN are hard, brittle phases [19], and thus, the formation of nitrides on the surface
increases the surface hardness. The content of nitrides decreases with increasing distance
from the surface, consequently, microhardness decreased with increasing distance from the
surface. In addition, the error of the hardness value in the subsurface became more notable,
which can be attributed to the grainy diffusion zone on the subsurface that is randomly
distributed in the soft β-Ti substrate.
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Figure 2. Cross section hardness distribution of the raw and nitrided samples.

3.3. Electrochemical Tests

Figure 3 shows the potentiodynamic polarisation curves of the raw and the nitrided
samples in SBF. The electrochemical corrosion parameters obtained by Tafel fitting are listed
in Table 2. As indicated in Table 2, After Tafel fitting, we get electrochemical parameters
such as corrosion current density (icorr), corrosion potential (Ecorr), anodic slope (βa) and
cathodic slope (βc) are obtained after Tafel fitting. The corrosion potential of the sample
after nitriding increased from −241.00 mV to −665.77 mV and the corrosion current density
decreases by two orders of magnitude, which demonstrates that the corrosion resistance of
TLM alloy is increased significantly after induction nitriding [29]. As shown in Figure 3, the
shapes of the polarisation curves of the two samples are significantly different; indicating
that the reaction mechanism is altered by the nitriding process. In the case of the raw
sample, the corrosion process involves the spontaneous formation of TiO or Ti2O3, anodic
transformation to TiO2, and the corresponding oxide growth [30]. However, the nitrided
sample passivation region corresponds to the transformation of the TiN layer into a titanium
oxy-nitride passive film, which occurs via oxidation [31]. In summary, the passivation
performance of the raw sample in SBF is better than that of the nitrided sample.
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Table 2. Electrochemical parameters calculated according to the polarization curves in Figure 3.

Sample Ecorr/mV icorr/µA·cm−2 βa βc

Raw −665.766 1.459 422.200 72.800
Nitrided −241.003 0.036 175.200 98.400

3.4. Friction Response and Electrochemical Evolution with Time
3.4.1. OCP and COF Evolution during Sliding

Figure 4 shows the COF and OCP of the raw and nitrided samples while standing
and sliding in the SBF solution at 37 ◦C. At the start of the tribocorrosion testing, the OCP
instantaneously transitioned to negative values because passivation film of the sample
surface was damaged [32]. After the wear tribocorrosion testing, the OCP slowly increased
(Figure 4), which means that the passivation film in the wear area gradually recovered
while the sample was immersed in SBF [7]. However, compared with the raw samples,
the decrease in the potential of the nitrided samples was smaller under the three loading
conditions (Figure 4d–f), which can be attributed to the high corrosion resistance and
hardness of the nitride layer. As the loading increases, the OCP of the raw and nitrided
samples decreases more to an increasing extent during the tribocorrosion tests, showing
that the rate of corrosion of the titanium alloy gradually increases; This is because wear
accelerates the corrosion rate of the titanium alloy. Conversely, the OCP of the nitrided
sample decreases from 0.42 at 1 N to 0.6 at 10 N (Figure 4d–f), indicating that the load has a
greater influence on the OCP of the nitrided sample. Wear damages the passivation film and
nitride layer on the surface of the sample, exposing the untreated matrix and reducing the
corrosion resistance of the sample. Reciprocating wear also induces plastic deformation in
the area subject to wear, increases the density of point defects and dislocations, these factors
lead to higher corrosion rates [33]. During sliding, the raw sample showed considerable
fluctuations in potential; these fluctuations were particularly apparent under the load of 1 N
(Figure 4a). These fluctuations are caused by the dynamic depassivation and re-passivation
of the substrate surface during wear [32]. The COF of the nitrided sample was considerably
lower than that of the raw sample under three loads. With increasing loading magnitude,
the COF of the raw sample decreases from 0.78 to ~0.68, whereas that of the nitrided
sample decreases from 0.42 to ~0.37. The COF decreased after nitriding are attribute to
the formation of a nitride layer with a high hardness on the nitrided sample surface. The
formation of TiN0.3 and TiN hard phases develops the hardness and tribological properties
of the TLM alloy. Moreover, these phases are considered as lubricant phases in which
the COF is reduced. However, the hardness of the raw sample is low, the adhesive wear
that occurred in the wear process yielded a high COF. These results indicate that induced
nitriding treatment can effectively improve the tribocorrosion resistance of the TLM alloys.

3.4.2. Current Evolution during Sliding

Figures 5 and 6 show the evolution of the COF and the measured current with time
during the tribocorrosion test of the raw and nitrided samples subject to applied potentials
of −1.2 and 1 V, respectively.

In the case of the cathodic applied potential (E = −1.2 V), the negative current mea-
sured corresponds to redox (dissolved oxygen and water) [34,35]. As shown in Figure 5,
the measured current acquired increasingly negative values during sliding, indicating suc-
cessful cathodic protection [36]. During the tribocorrosion process, the current fluctuated in
both the raw and nitrided samples, and the amplitude of the fluctuation increases with the
increase in load. The cause of these phenomena is hypothesised to be a dynamic balance
between depassivation and re-passivation of the sample surface in the affected region. The
COF of the nitrided samples were lower than those of the raw samples under different
loading conditions. With increasing loading magnitude, the COF of the raw and nitrided
samples decreases gradually. This may be because as the load increases, more debris is
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generated and some of which acts as a lubrican during friction process, resulting in the
decrease in COF.
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Under an anodic applied potential (E = 1.0 V), as shown in Figure 6, an abrupt increase
in the current was observed at the initiation of the tribocorrosion testing. The current in-
creases rapidly are attributed to the damage of the passivation film on the sample surface
and subsequent re-passivation. After the tribocorrosion ceases, the passivation film again
forms on the sample surface and the current returns to its initial state. These observations are
consistent with the findings in the existing literature [37]. In addition, the current observed in
the raw and nitrided samples can increase as the load increases during sliding. The reason
for this phenomenon may be that the depassivation area increases with the loading magni-
tude [38]. Compared with OCP condition, COF of the raw and nitrided samples increased
slightly under anodic potential. This may be due to the destruction of the wear mark being
accelerated under an anodic potential and the effect of corrosion yielding a deeper and wider
wear region. The anodic currents of the raw and nitrided samples are shown in Table 3 for
the different loading conditions, and these data are used for the calculation in Section 3.6.
Under the same conditions, the corrosion current ic and wear current iw of the raw sample
are both one order of magnitude higher than those of the nitrided sample; the lower current
and smaller fluctuation range indicate that the nitride sample has better corrosion and wear
resistance. As the load increases, the wear currents observed in the raw and nitrided samples
gradually increase. The wear current iw and the COF curves of the nitrided sample are lower
than those of the raw sample, indicating that the nitride layer has good antifriction effect.

Table 3. Anodic currents of the raw and nitrided samples under different loads.

Sample Load/N ic/mA iw/mA

Raw
1 - 2.80 × 10−1

5 1.01 × 10−2 8.64 × 10−1

10 - 8.96 × 10−1

Nitrided
1 - 2.72 × 10−2

5 9.98 × 10−3 8.63 × 10−2

10 - 9.52 × 10−2
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3.5. Wear Morphology and Profile
3.5.1. OCP Condition

Figure 7 shows the 3D wear morphology of the raw and nitrided samples after the
tribocorrosion test at OCP. As shown in Figure 7a–c, grooves along the sliding direction
can be observed in the raw sample, the depth and width of the abrasion marks gradually
increase with increasing loading. The nitrided sample showed a smooth wear surface
(Figure 7d–f). It can be seen that the width and depth of the abrasion marks in the nitrided
sample are considerably smaller than those observed in the raw sample. This observation
can be attributed to three reasons. (1) The nitrided sample resulted the higher fatigue
strength due to its higher hardness, which can effectively reduce the material loss caused
by pure mechanical wear [39,40], (2) the excellent corrosion resistance of the nitride layer
can considerably reduce the corrosion effect, and (3) a granular diffusion layer cooperates
more effectively with the nitride layer of the surface to carry the contact stress and avoid
stress concentrations at the interface and in the nitride layer [41,42]. The tribocorrosion
resistance of titanium alloy is improved by the combined action of these factors, reducing
the extent of the wear.
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3.5.2. Applied Potentials Conditions

Figure 8 shows the 3D morphology of the raw and nitrided samples after a tribocorro-
sion test at cathodic potential (E = −1.2 V). It can be seen in Figure 8 that no pits or any
other forms of corrosion are present on the sample surface after the tribocorrosion test
under a cathodic potential. As there is only a wear effect at the cathodic potential, it can be
hypothesised that wear has a more considerable impact on material loss than corrosion [36].
Under three different loads conditions, the abrasion marks in the raw sample were visible,
and the width and depth of the abrasion marks increased considerably with increasing
load. However, the abrasion marks in the nitrided sample under a loads of 1 and 5 N loads
were difficult to identify (Figure 8d,e), and only slight abrasion marks were found on the
surface of the nitrided sample subjected to a loading of 10 N. Compared with the wear mor-
phology observed under an OCP, the wear morphologies of the raw and nitrided samples
are narrower and shallower under a cathodic potential and the same load, indicating that
the applied cathodic potential can effectively reduce the material loss of titanium alloy.
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Figure 9 shows the 3D morphology of the raw and nitrided samples after a tribocorro-
sion test subjected to an anodic potential (E = +1.0 V). Compared with the samples subjected
to OCP or cathodic potential, the width and depth of abrasion marks on the nitrided sample
subjected to an anodic potential are significantly increased. This is because the corrosion
rate is accelerated at the anodic potential, and the promoting effect of corrosion on wear is
also enhanced. With the increase in loading, the width of the abrasion marks in the raw
and nitrided samples also increases. In addition, Figure 9e,f shows that there are many
exfoliation pits in the abrasion marks. This may be because the anodic potential accelerates
the corrosion of the nitride layer during the tribocorrosion test, the top nitride layer is more
likely to be damaged and spalling can occur under large loads.
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Figure 10 shows the wear profiles of the raw and nitrided samples after the tribocorro-
sion test, with the sample subject to cathodic protection, OCP and anodic corrosion. It can
be seen that the application of a cathodic potential protects the raw and nitrided samples
and reduces the material loss observed in the sample. Applying anodic potential consider-
ably increases material loss because this increases the wear and corrosion synergistic effects.
Consequently, the width and depth of the wear profile of the nitrided sample considerably
increases under the anodic potential (E = +1.0 V).
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3.6. Synergistic Effects of Wear and Corrosion

The biological tribocorrosion damage induced in titanium alloys is cumulative, result-
ing from the corrosion, mechanical wear, and the synergistic effect of these two factors [43].
Generally, the below expression is used to quantify material loss in a tribocorrosion test [44].

WT = WA + WC + WS, (1)

where WT represents the total material loss, which is the material loss observed on the
sample after the tribocorrosion test at the anodic potential; WA is the mechanical material
loss, which is the material loss of the sample after the tribocorrosion test at a cathodic
potential of −1.2 V, as suggested in the ASTM G119 standard; and WS represents the
material loss caused by the synergistic effect of corrosion and wear. WC is the material
loss induced by pure corrosion, which is the material loss that can be calculated following
Faraday’s law and applying the following expression [44].

Wc =
MIt
nF

, (2)
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where M is the molecular weight of titanium, I is the current (ic) during the sliding process
in the tribocorrosion test at an anodic potential of +1.0 V, t is the corrosion time (3600 s),
n is the oxidation state of the sample and F is the Faraday constant (96,500 C/mol).

The term Ws can be decomposed into two parts. SA, which represents the increase in
mechanical wear due to corrosion, and SC, which represents the increase in corrosion due
to mechanical wear. These terms are combined to calculate WS, as shown below [44].

WS = SA + SC. (3)

Using Faraday’s law, the increment in the mechanical wear due to corrosion can be
obtained as [44].

SC =
M(

∫ 4200
600 iwdt −

∫ 600
0 icdt)

nF
, (4)

where M represents the molecular weight of titanium; n and F are the oxidation state of the
sample and Faraday constant, respectively; ic is the corrosion current density and iw is the
wear current density measured at an anodic potential of +1.0 V.

Considering Equations (1) and (3), one can obtain,

WS = SA + SC = WT − WA − WC, (5)

Therefore, the change in the mechanical wear due to the corrosion can be calculated as.

SA = WT − WA − SC. (6)

Figure 11 and Table 4 show the material loss observed in the raw sample and nitrided
samples obtained by using the above expression under different loads at the anodic po-
tential of +1.0 V. As shown in Table 4, the mechanical material loss (WA) of the nitride
sample was only 0.23% of the substrate under a 10 N load, and the total material loss (WT)
was 15% of the substrate. It can be seen that the influence of pure corrosion (WC) on the
total material loss can be neglected. In the case of the raw sample, the total material loss
(WT) is dominated by the mechanical material loss (WA); the synergistic effect of wear and
corrosion (WS) also increases the material loss in the raw sample. However, the propor-
tion (WS/WT) of material loss caused by the synergistic effect of corrosion and wear (WS)
gradually decreases with increasing load. It is hypothesised that this is attributed to the
substrate of the TLM alloy being softer. During the tribocorrosion test, the soft matrix will
undergo plastic deformation under the repeated action of the Al2O3 ball, which causes the
work-hardening effect. As the load increases, the work-hardening effect becomes more sig-
nificant, which effectively reduces the wear effect. The nitrided sample exhibits trends that
are the opposite to those observed in the case of the raw sample; the proportion (WS/WT) of
material loss caused by the synergistic effect of corrosion and wear (WS) increased gradu-
ally with increasing load. The mechanical wear due to corrosion (SA) increased gradually
with increasing load. The externally applied anodic potential accelerates the corrosion
of the nitride layer [45] and then increases the wear extent; corrosion and wear mutually
promote a synergistic effect to accelerate the loss of materials. With increasing loading
magnitude, the nitride layer will be damaged to a larger extent. In this case, the exfoliation
pit observed on the nitrided sample (Figure 9f) induced during the tribocorrosion test
can provide diffusion channels for the corrosive medium, forming a galvanic corrosion
cell between the nitride layer and the substrate [46,47] which increases corrosion due to
mechanical wear (SC). The top nitride layer in the tribocorrosion test produces more wear
debris under large loads, causing third-bodies wear that may afford increases in the extent
of wear the sample undergoes. Under the loading conditions of 1, 5 and 10 N, the WS/WT
ratio of the raw sample was 61.06, 23.35 and 7.93%, respectively, and that of the nitrided
sample was 71.32, 97.44 and 98.37%, respectively.
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Table 4. Material loss components of tribocorrosion of the raw and nitride samples at anodic potential
(E = 1.0 V) under different loads.

Sample Load/N WT/g WA/g WC/g WS/g SA/g SC/g WS/WT

Raw
1 3.39 × 10−3 1.31 × 10−3 - 2.07 × 10−3 1.91 × 10−3 1.66 × 10−4 61.06%
5 6.51 × 10−3 4.98 × 10−3 6.01 × 10−6 1.52 × 10−3 1.01 × 10−3 5.14 × 10−4 23.35%
10 8.37 × 10−3 7.70 × 10−3 - 6.64 × 10−4 1.31 × 10−4 5.33 × 10−4 7.93%

Nitrided
1 2.72 × 10−5 1.83 × 10−6 - 1.94 × 10−5 4.20 × 10−6 1.52 × 10−5 71.32%
5 5.87 × 10−4 9.45 × 10−6 5.94 × 10−6 5.72 × 10−4 5.22 × 10−4 5.04 × 10−5 97.44%
10 1.23 × 10−3 1.75 × 10−5 - 1.21 × 10−3 1.15 × 10−3 5.57 × 10−5 98.37%

3.7. Tribocorrosion Mechanism

The suggested tribocorrosion mechanisms of the TLM titanium alloy before and after
induction nitriding are shown in Figure 12. The parallel grooves in the abrasion marks
on the raw and nitrided samples indicate the generation of abrasive wear, which can be
explained by the ploughing action of debris on the alloy surface. It has been reported that
different β-type titanium alloys have similar dominant abrasive and adhesive mechanisms
under different testing conditions [48,49]. The raw sample showed a higher extent of
material loss and a higher COF, which are associated with the formation of adhesive wear,
as evidenced by the wear debris observed in the raw sample abrasion marks (Figure 8a–c).
The relatively smooth wear surface observed on the nitrided sample indicates that the
hardness of the material plays a vital role in the wear process. Considering that the hardness
of the Al2O3 ball (~2300 HV) and TLM alloys (~230 HV) are significantly different, it can
be inferred that ploughing friction is the primary factor responsible for observed material
loss. The wear mechanisms in the case of the raw samples with relatively low hardness
are mainly adhesive wear and abrasive wear. The wear mechanism in the case of the
nitrided sample is abrasive wear, which is due to the bearing effect of the hard TiN phase
on the surface [50] and the support effect of the granular diffusion layer with gradient
distribution in the subsurface. After nitriding, uniform coarse grains of about 100 µm were
formed on the surface while raised titanium nitride was formed in the grain boundary.
This hard phase produced a relatively ordered microscopic texture along with the grain
boundary, which can effectively reduce the contact area between the grinding ball and the
TLM alloy, the shear force, and then the COF and wear amount. During tribocorrosion
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testing, a granular diffusion layer cooperates more effectively with the nitride layer of the
surface to carry the contact stress, avoiding stress concentrations in the nitride layer and
at the interface [41,42]. The improved tribocorrosion resistance of TLM alloy is mainly
attributed to the compact TiN layer with high hardness and corrosion resistance on the
surface and the coordinated deformation of the granular diffusion layer on the subsurface.
Moreover, the nitride layer has excellent corrosion resistance, which considerably increases
the tribocorrosion resistance of the nitrided sample. However, in the system with the
interaction of corrosion and wear, the applied anodic potential and the formation of the
galvanic corrosion cell accelerate the corrosion of the nitride layer. Due to the damage of
the nitride layer, the potential decreased rapidly, and the potential difference between the
grain areas thus went up, resulting in corrosion intensifies. Under the dual action of shear
stress and corrosion, the grain boundary bulged, and the damage was accelerated, which
induced the disappearance of the microscopic texture, the rapid increase in the friction area,
and the remarkable promotion of the COF and wear volume. This makes the sample more
vulnerable to damage under large loads. The formation of hard-wear debris can act as the
third-body particle and eventually accelerate material loss [51]. The increase in mechanical
wear due to corrosion makes the synergistic effect of wear and corrosion in the nitrided
sample increase with increasing load, showing a trend contrary to that observed in the case
of the raw sample.
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4. Conclusions

The tribocorrosion behaviour of nitride layer prepared on TLM alloy under SBF
was studied. After induction nitriding, surface hardness increased from approximately
230 to 1253 HV and the surface of the TLM alloy formed a nitride layer of approximately
30-µm-thick. The nitride layer shows a gradient structure, which comprises a TiN layer on
the surface and a granular diffusion layer distributed on the subsurface. Moreover, The
TLM alloy has excellent tribocorrosion resistance after induction nitriding, the mechanical
material loss (WA) of the nitride sample was only 0.23% of the substrate under a 10 N
load, and the total material loss (WT) was 15% of the substrate. As the load increases, the
material loss increases, and the applied anodic potential accelerates the material loss. The
total material loss observed in the raw sample during the tribocorrosion test was primarily
due to the mechanical wear; and the synergistic effect of corrosion and wear is the main
factor causing material loss in the case of the nitrided sample. In conclusion, the nitride layer
is a kind of coating with high hardness and corrosion resistance, which can enhance the
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tribocorrosion behaviour under physiological environment, so as to extend the biomedical
application life of titanium alloy. In further research work, we hope to conduct animal
experiments to make up for the current deficiency of in vivo experiments.
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