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Abstract: Various doses of nitrogen ions were implanted into the surface of pure titanium, Ti6AI7Nb and Ti6Al4V, by plasma
immersion ion implantation. Torsional fretting wear tests involving flat specimens of no-treated and treated titanium, as well as its
alloys, against a ZrO, ball contact were performed on a torsional fretting wear test rig using a simulated physiological medium of
serum solution. The treated surfaces were characterized, and the effect of implantation dose on torsional fretting behavior was
discussed in detail. The results showed that the torsional fretting running and damage behavior of titanium and its alloys were
strongly dependent on the dose of the implanted nitrogen ions and the angular displacement amplitude. The torsional fretting running
boundary moved to smaller angular displacement amplitude, and the central light damage zone decreased, as the ion dose increased.
The wear mechanisms of titanium and its alloys were oxidative wear, abrasive wear and delamination, with abrasive wear as the most

common mechanism of the ion implantation layers.

Key words: titanium alloy; ion implantation; fretting; wear mechanism

1 Introduction

Titanium and its alloys, e.g., Ti6bAl4V, are widely
used as implant materials in clinical applications such as
components for artificial joints and dental implants,
because these materials are known to be favorably
biocompatible and can provide the required mechanical
properties. However, titanium and its alloys are soft, with
low surface shear resistance, because of adhesion
concerns, stress concentration, and dimension effect
problems. These characteristics limit the application of
titanium and its alloys to several specific areas, so
hardening of titanium surface is performed [1,2]. To
improve wear resistance or modify the surface properties,
titanium surfaces are subjected to various surface
treatments, such as thermal spraying, plasma vapor
deposition, anodic oxidation, ion implantation, glow
discharge nitriding, and laser treatment [3,4].
CRESSMAN et al [5] and MUTYALA et al [6] pointed
out that Ti6Al4V surface coated with MnPO, or NiPO, is
insufficient to prevent high friction and wear in gross or

mixed fretting situation. Plasma immersion ion
implantation (PIII) is a promising alternative for
improving and functionalizing the surfaces of various
types of titanium and its alloys through ion implantation.
Nitrogen is a kind of good curing agent. After nitrogen
ion implantation, titanium, and its alloys surface will
form a nitriding layer, its main composition of titanium
nitride is a kind of high melting point, high hardness
clearance compounds [7]. Nitrogen ion implantation is
cost effective and enhances the wear resistance and
anti-corrosion properties of titanium [8]. In the past three
decades, nitrogen implantation has been extensively
investigated. Given the potential toxic effects of
vanadium compounds, vanadium-free alloys such as
Ti6Al7Nb have recently been developed for the
application of artificial joints instead of Ti6Al4V [9,10].
This paper focused on one type of rotary motion,
namely, the torsion, which commonly occurs at human
joints and other rotating parts [11]. Most tribological
studies have focused on linear sliding wear behavior.
However, torsional small  angular
displacement has been ignored because small frictional

wear with
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displacement is difficult to control, measure, and
characterize, particularly in cases involving non-linear
motion and small contact area.

BRISCOE et al [12,13] found that torsional contact
is more detrimental to the wear resistance of polymethyl
methacrylate (PMMA). WANG et al [14,15] investigated
the torsional wear behavior of various composite
materials containing MC nylon, polytetrafluoroethylene
composites filled with poly (phenyl-hydroxybenzoate),
and hexagonal boron nitride. In our previous study, we
showed the damage and running behavior of various
materials (carbon steel, aluminum alloys, UHMWPE,
and natural cartilage) [16—18]. All related previous
studies were based on a single material, and did not
investigate how modified layers or coatings affect
torsional wear damage.

In the present study, pure titanium and its alloys
were implanted with PIII at various doses. The
mechanical properties of the modified layers were
measured, and the effects of the implantation dose on
torsional fretting wear behavior were discussed.

2 Experimental

2.1 Materials and plasma immersion ion preparation

Pure titanium (TA2), Ti6Al7Nb, and Ti6Al4V
(Table 1) were selected as the test substrate materials
(rods provided by the Northwest Institute of Nonferrous
Metal Research, Xi’an, China). The rods were cut to

specimens with dimensions of 10 mm X 10 mm x 25 mm.

One side of each plate (10 mm X 25 mm) was polished
continuously using 60, 200, 600, 1000, and 1500 grit
diamond paper and flannel to a roughness of R,=0.5 um
before being placed in a plasma immersion ion
implanter.

Table 1 Chemical compositions of TA2 and two titanium alloys
(mass fraction, %)

Material Al Nb Ta Fe \% C

N O Ti

TA2 - - - 030 - 0.10 0.05 0.25 Bal.
Ti6Al7Nb 6.0 6.97 0.36 0.22 - 0.10 0.07 0.20 Bal.
Ti6Al4V 6.2 - 0.16 4.10 0.041 0.08 0.16 Bal.

2.2 Nitrogen PIII
PIII treatment was performed using a new plasma

immersion ion implanter (Tongchuang, Chengdu, China).

The chamber of the implanter was 1.2 m in height and
1.0 m in diameter, and a negative voltage was applied to
the electrode. The facility was equipped with a classical
radio frequency (RF) plasma source, hot filament glow
discharge source, and vacuum arc source, etc. The
substrates were laid on stainless steel substrates attached
to an insulated stainless steel electrode at the center of

the vacuum chamber. Prior to implantation, the plates
were sputter-cleaned via argon plasma ion bombardment.
The pretreatment instrument parameters were as follows:
RF in forward energy, 1000 W with a reflected power of
approximately 20 W; bias voltage, 2.5 kV; gas flow,
10 mL/min; and cleaning time, 40 min. Then, nitrogen
was passed into the vacuum chamber, and nitrogen
plasma was sustained by RF power supply at a power of
1000 W, work pressure of 7.33x10 *Pa and gas flow of
20 mL/min (main arc voltage of 72 V with a current of
0.2 A, suppress voltage of 1 kV with current of 0.5 mA,
extraction voltage of 1 kV with a current of 7.5 mA, and
accelerating voltage of 50 kV with a current of 8 mA).
After immersion, the morphology of the surfaces was
observed using an optical microscope (OM). Nitrogen
ion (N") implantation doses of 1x10'7, 3x10'7, 5x10"7,
7x10", and 910" cm 2 were selected.

2.3 Torsional fretting wear test and analysis

The wear tests of the no-treated and implanted
plates against a Zr,O ceramic ball used for artificial
joints and teeth (diameter of 25.2 mm, R,=0.05 pm, and
hardness of HV 1100) were performed under a simulated
physiological condition, on a torsional fretting wear test
rig [16]. The test medium was a 20% bovine serum
solution (Shanghai Bao Man Biological Technology Co.,
Ltd.), similar to human blood condition [19,20]. All the
wear tests were performed at room temperature. The
rotation speed was controlled to be 0.001 r/min by a
lower motor. Torsional speed was kept constant at
0.01 rad/s. Each test was run for 1000 cycles. Various
degrees (0.5°, 5°, and 15°) were set as the angular
amplitudes, and a constant load of 100 N was selected as
the normal load.

Based on the analyses of frictional kinetics behavior
under fretting wear, the profiler observation of 3D
profiles (Nano Map-Dual Mode 3D), and SEM (SEM-
Quanta 200) morphology and surface chemical analyses
(EDX, EDAX-7760/68ME), the wear damage
characteristics of the surface modification layer and its
substrate materials were discussed in detail. The
influence of the dose of nitrogen ion implantation on
torsional fretting behavior was also examined.

3 Results

3.1 Surface characterization

The XRD patterns of titanium and its two kinds of
alloy samples after nitrogen ion implantation are shown
in Fig. 1. The XRD peak intensity, peak shape, and
chemical composition varied with the dose of nitrogen
ion implantation. Compared with bare titanium and the
alloy samples, the peak intensities of samples shown in
Fig. 1(b) gradually weakened, and a new XRD pattern
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Fig. 1 XRD patterns of substrates and their implantation alloys under various doses of nitrogen ion implantation: (a) No-treated;
() 1x10"7 cm™2; (¢) 3x10'7 em™2; (d) 5%10"7 em™2; (e) 7x10'7 ecm™?; (f) 9x10'7 cm™>

peak appeared at 26=38.50°. However, the XRD pattern
peak intensity shown in Figs. 1(c) to (e) increased near
26=38.50°, the peak position corresponding to the Ti,N
phase. This finding indicated that part of the nitrogen ion
was dissolved in the titanium alloy matrix and the new
phase also generated. At a high nitrogen ion dose of
9x10" ¢cm % two weak peaks appeared at 26 values of
61.7° and 67.5°, which corresponded to TiN and Ti,N,
respectively. The XRD peaks at 26 values of 35° and 38°

were weakened, whereas that at 26 value of 40° was
broadened, indicating that the modified layers of
titanium and its alloy surface had weak crystallinity at
this nitrogen ion dose. As the implantation dose
increased, the ion radiation increased as a result of
diffraction peak broadening.

The optical images of contact angle between the
plate sample and the liquid droplets (serum solution) are
shown in Fig. 2. Contact angle measurement showed that
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Fig. 2 Optical images of contact angles under various nitrogen ion implantation doses in serum solution

ion implantation resulted in an obvious change in
wettability. The contact angles did not continually
increase with the increase of the implantation dose.
Generally, the contact angle in water is greater than that
in the serum solution, and most samples have a
maximum contact angle value at a high nitrogen ion dose
of 9x10'7 cm 2. However, some exceptions exist, such as
Ti6Al4V with nitrogen ion dose of 5 x 10'7 cm % in two
kinds of liquids and Ti6 Al7Nb with nitrogen ion dose of
3x10" cm ™ in water. PIII treatment changed the surface
roughness (see Fig. 3) and the physical and chemical
conditions of the surface by nitrogen ion bombarding
surface. These changes may result from the pinning of
dislocations, lattice caused by
non-equilibrium dissolution of the implanted element,
and the formation of new phases, such as nitrides.

A higher nitrogen ion dose resulted in deeper and
heavier structural change, that is, a rougher surface
(Fig. 3(a)). Under nitrogen ion doses below 7x10'7 cm 2,
the roughness increased gradually as the nitrogen ion
dose increased, but at a nitrogen ion dose of 9x10'7 cm =,

strain in the

the roughness was at least five times greater than that in
the no-treated samples. The change of the surface
roughness is mainly due to ion implantation and nitriding
process, leading to the fluctuation of surface. At the same
time, with the increase of the ion implantation dose,
high-energy ions bombard the matrix greatly, resulting in
the rough surface, and the micro protrusion height of
surface increases. The droplet contact angle is closely
related with the chemical bonding and microstructure of
the sample surface. After implantation, weak hydrophilic
bonds, such as O—H bonds, may be formed on the
surface of the as-implanted samples. The droplet contact
angle is mainly related with the surface structural
damage of the as-implanted samples. With the increase
of surface roughness, rough surface area and surface
tension will increase, and the surface is easier to wet, so
contact angle would increase. Surface hardness was
measured, as shown in Fig. 3(b). The hardness increased
as the implantation dose increased. Prior to nitrogen PIII,
the TA2 surface exhibited a surface hardness of HV 220,
which increased to HV 520 after implantation treatment
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with nitrogen ion dose of 9x10'7 cm 2 Because a hard
TiN and Ti,N layer formed on the sample surface, the
hardness of sample surface increased. Therefore, the
hardness of the titanium alloys increased less than that of
pure titanium.

3.2 Torsional fretting running behavior

The kinetic behavior of torsional fretting can be
described using friction torque (7) versus angular
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displacement amplitude () curves (7—6 curves), which
can estimate the running condition of the fretting
wear [11,16]. The T—6 curves as a function of the
number of cycles are shown in Figs. 4—6. When torsional
fretting ran at a small angle of 0.5° (Fig. 4), the loops of
T—6 presented a linear or elliptic shape for TA2 and its
implanted specimens. This condition indicated that
fretting ran in a partial slip regime, and that the motion
at the interface was mostly accommodated by interface
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Fig. 3 Rougness (a) and hardness (b) of samples with variation of nitrogen ion implantation doses
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Fig. 4 T-0 curves of TA2 and its treated samples under various cycles at different nitrogen ion doses (F,;=100 N, 6 = 0.5°):

(a) No-treated; (b) 1x10'7 em™2; (c) 5%10"7 cm™; (d) 9x10"7 cm™>
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elastic—plastic deformation. The height of the loops
became large as the number of cycles increased as a
result of surface damage accumulation and work
hardening. This phenomenon is due to the broadening of
the loop shape as the nitrogen ion implantation dose
increases, but the loop retains its same shape even as the
number of cycles increases.

According our previous study on torsional fretting
wear [16—18], the fretting running regime should be
decided on the basis of the combination of the 7—6
curves and evolution of the damage morphologies.
According to the evolution of wear morphologies, the
torsional fretting ran in the mixed fretting regime (MFR)
when 6=5° (Fig. 5). The tangential stress increased
remarkably as the angular displacement amplitude
increased, thereby inducing higher plastic deformation at
the contact interfaces. As the nitrogen ion implantation
dose increased, the height of TA loops gradually
increased, but Ti6Al7Nb showed contrasting result. For
Ti6AI7ND, the initial stage belonged to the running-in
period, and the 7—6 curves exhibited no significant
changes in the whole stage because the Ti6Al7Nb and its
treated samples had better anti-deformation and wear
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properties than TA2. Light damage occurred in the wear
zone at 6=5°, so, the friction torque did not change
during the whole wear process.

As the angular displacement amplitude increased to
15°, all the 7—6 loops appeared in the shape of a
quasi-parallelogram (Fig. 6), which indicated that full
slip occurred during the whole torsional fretting process.
Obviously, the fretting of the implantation surface and
no-treated sample ran in the slip regime. The 7—6 loops
had a similar evolution to the results shown in 6=5°
(Fig. 5).

The friction torques in different test situations are
shown in Fig. 7. The results showed that the friction
torques had a close relationship with the imposed angular
displacement amplitudes, that is, the friction torque
increased as the angular displacement amplitude
increased. At a smaller angle of 0.5°, the torque of TA2
presented a small change with implantation dose. The
value of the torque decreased by the surface modification
treatment under the angular displacement amplitudes of
5° and 15°, possibly as a result of less deformation of]
and damage to, the ion implantation layers. Therefore,
ion implantation reduced friction at the contact interface
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Fig. 5 76 curves of Ti6Al4V and its treated samples under various cycles at different nitrogen ion doses (F,=100 N, 6=5°):

(a) No-treated; (b) 1x10"7 em™?; (c) 5x10"7 em™?; (d) 9x10'7 cm
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Fig. 7 Friction torques of three titanium alloys and their implantation samples at various angle displacements in cycle 1000: (a) TA2;

(b) TiAI4V; (c) Ti6AI7Nb

under torsional fretting wear. Ti6Al7Nb and its

implanted samples exhibited smaller torsion torques than
the other two tested metals and their modified layers.
When the angular displacement increased to 15°,
the fretting ran in the gross slip regime [11]. The ion
implantations could be estimated from the curves to
improve the surface strength and hardness, and the
contact zone size and scar depth decreased. Thus, the

friction torque for the ion implantation was reduced, and
the surface damage process was delayed.

3.3 Torsional fretting wear analysis

Given the very slight wear damage in the partial slip
fretting regime, only surface indentation was observed
on the wear specimen surface. The image of the
indentation could not be captured using an OM because
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of the light reflection. Thus, this study did not include
OM images of the wear scar of the small displacements
at 6=0.5°. At a medium angular displacement amplitude
of 6=5°, three kinds of substrates and nitrogen ion
implantation specimens were observed, according to the
T—6 curves of the torsional fretting run in the MFR. The
wear damage of all the specimens had a significant
decrease as a result of nitrogen ion implantation, and had
a minimum damage at implantation dose of 910" cm ™.
The morphologies of the typical fretting annulus are
shown in Figs. 8—10. The contact center was stuck, and
micro-slip occurred at the edge of the circular contact
zone (according to the profiles of the wear scar in
Fig. 11) because the maximum shear stress occurred
inside and not at the edge of the contact area. Similarly,

in the worn surface of Figs. 8(b) and 9(b)—(e), the
torsional fretting regime under these conditions ought to
be identified as in the MFR. Given the changing
properties of the surface, the fretting running boundary
moved to small angular displacements as ion
implantation dose increased.

Slight damage and shallow annular indentation were
observed in the tested worn area, and nearly linear
straight profiles clearly indicated the slight damage at
angular displacement of 6=5° (Fig. 11). The untreated
titanium and its alloys also had more serious wear
damage than ion implantation specimens at angular
displacement of §=15°, especially for Ti6Al17Nb. Hence,
the wear scar morphology is usually displayed in
the shape of an annulus, which is similar to the typical

Fig. 8 Morphologies of TA2 and wear scar of its implantation samples at #=5° and different nitrogen ion doses: (a) No-treated;
(b) 1x10"7 ecm™%; () 3x10"7 cm™2; (d) 5%10'7 em™%; () 7x10'7 em™2; (f) 9x10"7 cm™>

Fig. 9 Morphologies of Ti6Al4V and wear scar of its implatantion samples at 6=5° and different nitrogen ion doses: (a) No-treated,
(b) 1x10"7 em™%; (¢) 3107 em % (d) 5%10"7 em % (e) 7x10'7 cm™2; (f) 9107 cm >
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Fig. 10 Morphologies of Ti6Al17Nb and wear scar of its implantation samples at 6=15° and different nitrogen ion doses:
(a) No-treated; (b) 1x10"7 cm % () 3x10" cm % (d) 5107 em % () 7x10'7 cm % (f) 9x10' cm 2
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Fig. 11 Profiles of wear scar at various nitrogen ion doses: (a) TA2, 6=5°; (b) Ti6Al4V, 6=5°; (c) Ti6Al7ND, 6=5°; (d) TA2, 6=15°;

(e) Ti6AI4V, 6=15° (f) TI6AI7Nb, 6=15°

morphology under the tangential fretting mode [16]. At a
higher angular displacement of #=15° (Fig. 10), the
relative slip appeared between the whole contact
surfaces. The maximum shear and compressive stresses
occured at the center of the contact area, and the central
part of the contact moved to small displacements.
Therefore, the center part of contact area of the untreated
Ti6Al7NDb had the most serious wear damage, and also
had obvious characteristics of plastic deformation and

delamination. Thus, the damage on the treated surfaces
was not severe (Figs. 11(d)—(f)), and obvious abrasive
and delamination could not be observed. Despite only
minor changes in hardness, the effects of nitrogen
implantation on wear properties were quite pronounced,
particularly for Ti6Al7Nb, the average wear track depth
decreased from larger than 10 pm to approxiamtely
0.4 pm for the samples implanted with nitrogen ion
doses up to 9 x 107 cm 2.
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For torsional fretting wear, the sticking zone in the
wear scar can reflect the fretting contact situation. The
radius ratio of the sticking area to the whole contact area
when the angular displacement is 5° is illustrated in
Fig. 12. This finding shows that high nitrogen ion
implantation dose significantly affected the torsional
fretting contact situation of TA2. Under nitrogen ion
doses up to 3x10'7 cm?, the treated surface exhibited
better anti-deformation properties (shear or compression),
and the materials located in the contact center were not
easily damaged. An interesting fretting ring was
observed on the worn surface, and a similar phenomenon
was found in our previous study on metal—aluminum,
carbon steel, and even UHMWPE polymer. At nitrogen
ion implantation doses of 3x10'" and 5x10'7 cm™, the
treated Ti6Al7ND alloys exhibited a larger sticking zone
and better anti-fretting wear resistance than TA2 and
Ti6Al4V. At a nitrogen ion implantation dose of
7x10" cm_z, the Ti6Al4V had better anti-wear resistance
than TA2 and Ti6Al7Nb, with performance similar to
samples at nitrogen ion implantation doses of
5x10'7 ¢cm™. At the same time, when the nitrogen ion
implantation doses of TA2 reached up to 5% 10" ¢cm™,
the radius ratio of the sticking area to the whole contact
area remained stable with the increase of nitrogen ion
implantation dose, which may be associated with the
hardness increased slowly as a result of the XRD pattern
Ti,N peak intensity tending to stable after the nitrogen
ion implantation dose of 5% 10'7 cm ™.

The sectional damage characteristics of the plate at
low and high implantation doses are presented in Fig. 13.
Three kinds of typical damage morphologies are easily
found: 1) powdery debris on the surface of the soft
materials (Fig. 13(a)), with the lost material crushed and
dispersed on the worn surface; 2) a continuous cover
layer similar to the plastic flow on the Ti6Al4V surface

et < TA2

+ Ti6Al4V
4 Ti6Al7Nb|

03071
025
Q 020r
pN
0.15r
0.10
0.05

0 C L 1 L
No-treated 1x10'7 3x10'7 5x10'7 7x10'7 9x10"7
N* implantation dose/cm™

Fig. 12 Stick zone and running regime in wear scars at 6=5°,
dose

treated at a nitrogen ion implantation dose of 1x10'7 cm ™
(Fig. 13(c)); and 3) delamination accompanied by
interfacial crack nucleation (Fig. 13(e)). There would be
a fatigue and corrosion because of the crack nucleation
and crack propagation of the nitrogen ion implanted
Ti6AI7NDb in bovine serum condition. Thus, the fretting
wear mechanisms of the titanium and its alloys are
abrasive wear and delamination, with abrasive wear
being the main mechanism for the ion implantation
layers. High nitrogen ion implantation dose improved the
surface hardness and wear resistance of titanium and its
alloys, only slight damage and compaction occurred on
the treated surface at a nitrogen ion implantation dose of
9x10'7 cm™ (Figs. 13(b), (d), (f)). High-dose nitrogen
implantation is proven to synthesize the desired TiN
and Ti,N compounds ([21,22]. This result can be
attributed to the fact that nitrogen ion bombarded the
surface layer of the metal with high energy, which made
the surface of metal grain refinement and developed
the dense dislocation network. Nitrogen ion tended to

Fig. 13 Wear morphologies of wear scar at /,=100 N, and #=15° and different nitrogen ion doses: (a) TA2, 1x 107 cm2; (b) TA2,
9x10'7 cm™%; () Ti6AI4V, 1x10'7 cm™2; (d) Ti6A14V, 9x10'7 cm%; (e) Ti6AI7NDb, 1x10'7 cm™2; (f) Ti6AI7Nb, 9x10'7 cm ™2
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precipitate nearby the dislocation in the form of TiN. At
the moment, nitrogen ion implantation disrupted the

atomic arrangement in certain areas, developed
amorphous  phase, intermittent solid  solution
strengthening and precipitation hardening, which

enhanced wear resistance and generally improved the
mechanical properties of the material.

4 Conclusions

1) Nitrogen ion implantation significantly increased
the surface hardness of the titanium and its alloys
Ti6Al7Nb and Ti6Al4V. Compared with the substrate
material, the damage to the ion implantation surfaces was
slighter, with smaller-sized scars. As the ion implantation
dose increased, the resistance against torsional fretting
wear increased.

2) Given the changes in the mechanical properties
of the surface with the increase of nitrogen ion
implantation dose, the torsional fretting running
boundary moved to small angular displacement
amplitude, and the central light damage zone decreased
as the nitrogen ion implantation dose increased.

3) The fretting wear mechanisms of titanium and its
alloys were abrasive wear and delamination, with
abrasive wear as the main mechanism of the ion
implantation layers.
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ABETIENRKEX
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FEM, RRE X#HES ARR!

1. THREACIE RS MR R A SR A S = EEERAAA AU, R 610031;
2. E TR R, 45FH 621900

OE. W SR TS TN, TR TiAI7NI Fl Ti6AI4V & & & M HEAT A B0 i B i A AL B,
KH ZrO, B 5 RACEANAE IR ER K KA & P EER],  DU/NE & SR B A B A BT, AT B0 S B 45
RIS HF AR i A S R A S 3R T RFAE LA NFI B AR Sh i sh M e s m . 45 KW A&
TN AN A R B 2 2 S K X FL A S LB B s AT FAR 478 . BB B IR RN, Hshfshiztr
W NARBIRERE, TORMEBRXED . REFEEEERNENEGED . BRERMRZE, R
PR TN E M L,
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