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Abstract: Ti/TiN multilayer film was deposited on uranium surface by arc ion plating technique to improve fretting wear behavior.
The morphology, structure and element distribution of the film were measured by scanning electric microscopy (SEM), X-ray
diffractometry (XRD) and Auger electron spectroscopy (AES). Fretting wear tests of uranium and Ti/TiN multilayer film were
carried out using pin-on-disc configuration. The fretting tests of uranium and Ti/TiN multilayer film were carried out under normal
load of 20 N and various displacement amplitudes ranging from 5 to 100 um. With the increase of the displacement amplitude, the
fretting changed from partial slip regime (PSR) to slip regime (SR). The coefficient of friction (COF) increased with the increase of
displacement amplitude. The results indicated that the displacement amplitude had a strong effect on fretting wear behavior of the
film. The damage of the film was very slight when the displacement amplitude was below 20 pm. The observations indicated that the
delamination was the main wear mechanism of Ti/TiN multilayer film in PSR. The main wear mechanism of Ti/TiN multilayer film

in SR was delamination and abrasive wear.
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1 Introduction

Uranium has been extensively applied in nuclear
power plant equipment and nuclear devices due to its
special material and nuclear properties [1]. In order to
satisfy the engineering design, uranium will inevitably
contact or fasten with other materials, among which the
contact interface is proved to bear different stress and
have relative clearance. While in transport and service,
uranium will be frequently affected by vibration, which
leads to the relative motion with small displacement
amplitude [2,3]. Fretting wear occurs when two
contacting parts are subjected to small amplitude
oscillatory sliding [4]. Fretting wear causes the initiation
of fatigue crack, which limits the lifetime of the
components [5,6].

Surface modification technique is an effective
method to improve the wear-resistant properties of
industry components [7,8]. Ti/TiN multilayer film has

attracted much attention to enhance mechanical
properties and wear resistance, so it has been widely
used in the field of cutting tools and some parts of
engines [9—11]. Fretting is very sensitive to normal
load [12], displacement amplitude [13], frequency [14],
and environment [15,16].

SRINIVASANA et al [17] investigated the
tribological behaviour of TiN, TiN/CrN, and Ti/TiN
multilayer films on different substrates, and found that
the Ti/TiN multilayer film shows a better wear resistance
with all three substrates, as compared to TiN/CrN and
TiN. ALI [18] used the numerical model of Ti/TiN
multilayer film to find the optimal thickness of
individual layers in a multilayer. The results show an
increase in scratch adhesion of 18% and 27% for the
optimal position and thickness of interlayers, respectively.
The wear resistances of TiN, TiN gradient and Ti/TiN
multilayer on wuranium were investigated [19-21].
ZHANG et al [22] investigated the fretting wear and
fretting fatigue behavior of Ti/TiN multilayer on Ti-811
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alloy deposited by magnetron sputtering. Results show
that Ti/TiN multilayer can significantly improve the
resistance to fretting wear and fretting fatigue behavior
of Ti-811 alloy at 350 °C due to its good toughness and
high bonding strength. However, there are few studies on
the fretting wear resistance of Ti/TiN multilayer films.
So, it is meaningful to study the fretting behavior of
Ti/TiN multilayer film on uranium.

In this study, Ti/TiN multilayer film was deposited
on uranium surface by arc ion plating technology. The
motivation of this report is to investigate the fretting
behavior of Ti/TiN multilayer film and uranium under
different displacement amplitudes. At the end of tests,
the wear scars were examined by laser confocal scanning
microscopy (LCSM), SEM and energy dispersive
microscopy (EDS). The fretting behavior and mechanism
of Ti/TiN multilayer film were discussed.

2 Experimental

2.1 Ti/TiN multilayer preparation

The substrate material used in the present study was
uranium, which was usually used as nuclear weapons and
nuclear power plants. It was ground, polished and
ultrasonically cleaned in acetone and alcohol. The
preparation of Ti/TiN multilayer film was carried out on
arc ion plating equipment. The target was high purity Ti
(99.99%). The samples were mounted on a continuously
rotating planetary holder inside the vacuum chamber.
Prior to deposition, the samples were further cleaned by
argon ion bombardment. After the base pressure was
pumped to be lower than 5x10~* Pa, the working pressure
was kept at 0.3 Pa. With the alternative atmosphere of
pure argon and mixed argon and nitrogen controlled by
mass flowmeters, the deposition procedures of Ti and
TiN were repeated to prepare Ti/TiN multilayer film. For
Ti layer, argon (99.999%) was introduced into the
chamber with a flow of 40 mL/min. For TiN layer, argon
(99.999%) and nitrogen (99.999%) were introduced into
the chamber with flow rates of 10 and 40 mL/min. The
target power was 2 kW. The deposited time of Ti and TiN
was 5 and 10 min for each layer, respectively. The total
deposited time was 1h. The bias voltage was
—180 V pulsed bias superposed by DC bias of =50 V.

2.2 Film characterization

The surface and cross-section morphologies were
observed by SEM. The elastic modulus was evaluated by
using nano-indentation of Hysitron Company under the
force of 5 mN. Six points were chosen to obtain the
average value. The structure of Ti/TiN multilayer film
was investigated by XRD with Cu K, radiation
(4=0.15406 nm). Scanning was carried out in the grazing
angle mode with an incident beam angle of 2°. AES

depth profile was used to analyze the distribution of Ti
and N elements. AES instrument model was PHI650
SAM, the excitation energy was 3 keV, the electron beam
current was 100 nA, and the sputtering area was 1 mm?.

2.3 Fretting tests

The fretting tests were carried out on an MFT-6000
machine (Fig. 1). A pin-on-disc configuration was
employed. The counter-body was a GCrl5 ball with
Ti/TiN multilayer film deposited as the samples. The
diameter was 12 mm. During the test, the instantaneous
displacement was monitored by laser copolymerization
sensor with an accuracy of £1 pum for every cycle. The
normal force and tangential force were measured by
three-dimensional pressure sensor. The experimental
parameters were selected as displacement amplitudes of
5, 10, 20, 50 and 100 pum, the frequency of 10 Hz, and
the normal load of 20 N. The number of cycles was
1x10*. The fretting tests were conducted in dry
conditions at an ambient temperature of 25 °C and
relative humidity of 50%. Prior to the fretting tests, the
samples and counter-body were cleaned with acetone and
alcohol. After each test, the morphologies of the wear
scars were observed by LCSM and SEM. The profiles
and wear volumes of the fretting scars were assessed
using 3D optical microscope. The EDS was used to
analyze the oxidation behavior of wear tracks.

1]

11

J

R

:
)/

7 v,

Fig. 1 Fretting wear test rig: 1—Servo electric cylinder;

2 — Lead screw; 3 — Two-dimensional pressure sensor;
4—Laser copolymerization sensor; 5S—Piezoelectric ceramics;
6—Base; 7—Screw module; 8—Vacuum pump group; 9—Ball
sample; 10—Plate sample; 11—Vacuum chamber

3 Results and discussion

3.1 As-deposited film

The surface and cross-section morphologies of
Ti/TiN multilayer film prepared by arc ion plating
technology are shown in Fig. 2. From Fig. 2(a), the
surface was globally uniform with some domes. The film
was densely packed, no voids or micro-cracks in the
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surface image (Fig. 2(a)). Cross-section images showed
non-columnar structures (Fig. 2(b)). There were 4
bilayers with sharp interface, which were adhered well to
the substrate. The average elastic modulus obtained by
nano-indentation test under 5 mN was 471.55 GPa.

Fig. 2 SEM morphologies of surface (a) and cross-section (b)
of Ti/TiN multilayer film

The thickness of prepared film was about 2.27 pm.
To evaluate their phase structure, XRD analyses were
performed with an incident angle of 2°. Figure 3 shows
the XRD patterns of uranium and Ti/TiN multilayer film.
There appeared primarily Ti phase and TiN phase. XRD
patterns revealed a NaCl type face-centered cubic (FCC)
structure with (111), (200) and (220) textures. Ti/TiN
multilayer film was crystallized well. No other distinct
diffraction peak was observed. The XRD pattern also
revealed the existence of a-U diffraction peak on the
substrate.

=— -U
e — TiN
a—Ti
o Ti/TiN film

30 40 50 60 70 80
26/(°)
Fig. 3 XRD patterns of uranium and Ti/TiN multilayer film

Ti and N element distribution in Ti/TiN multilayer
film etched with 3 keV Ar" for 22 min by AES is
illustrated in Fig. 4. From the AES curves, it was found
that, the molar fractions of Ti and N elements fluctuated
periodically. When the content of Ti reached the
maximum value, the content of N decreased to the
minimum value. The N content was seen to increase
gradually from the Ti layer to the TiN layer. On the
initial surface, the content of N element was very high.
With increase of the Ar’ etching time, the content of N
element decreased quickly, which showed that a part of
N element came from the surface contaminants. The
thickness of 2.27 um was distributed in 4 bilayer periods.
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Fig. 4 Ti and N elements distributions of Ti/TiN multilayer film

measured by AES

3.2 Fretting properties
3.2.1 Coefficient of friction

To evaluate the fretting wear of Ti/TiN multi-
layer film at different displacement amplitudes, the
experimental parameters were selected as normal load of
20 N, the frequency of 10 Hz, displacement amplitudes
of 5, 10, 20, 50 and 100 pm, and the cycle number of
1x10*. Figure 5 exhibits the evolution of the COF for
uranium substrate and Ti/TiN multilayer film with the
number of cycles at different displacement amplitudes. A
great difference on COF was observed under different
displacement amplitudes. The COF of uranium substrate
or Ti/TiN multilayer film increased with the increase of
test displacement. The COF of Ti/TiN multilayer film
increased from 0.1 at the displacement amplitude of
5 um to 0.6 at the displacement amplitude of 50 pm. At
higher displacement amplitude, a large variation in COF
was observed. When the displacement amplitude was
less than 20 pum, the COF obviously increased in the
initial period of fretting wear and gradually tended to be
a steady-state value, which was dependent on
displacement amplitude. When the displacement
amplitude was more than 50 pm, the variation of COF
was much higher. COF increased slowly with the number
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of cycle at the beginning and reached the value of 0.6
after 5000 cycles.
3.2.2 Running condition of fretting loops

The fretting loops of uranium substrate and Ti/TiN
multilayer film at a normal load of 20 N, displacement
amplitudes of 5, 20 and 100 pm, respectively, are shown
in Fig. 6. Under an imposed normal load of 20 N, at low
displacement amplitude, such as 5 and 20 pm (see
Figs. 6(a) and (b)), the shapes of tangential force—
displacement (F—D) curves were elliptical loops and
linear in all test cycles. The fretting loop remained
almost unchanged as the number of fretting wear cycles
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increased to 1x10*, which was consistent with COF.
Therefore, the fretting processes ran in PSR [23,24].

For the higher displacement amplitude (D=100 pm,
see Fig. 6(c)), all F—D curves were open as parallelo-
gram and relative slip took place, which was the classic
feature of SR [25,26]. The fretting loop increased to a
higher friction value as the number of fretting wear
cycles increased. The area of the fretting loop was the
dissipated energy of friction. The dissipated energy of
uranium substrate or Ti/TiN multilayer film increased
with increasing the displacement amplitude. Ti/TiN
multilayer film had a lager dissipated energy than
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Fig. 5 Friction coefficients for uranium (a) and Ti/TiN multilayer film (b) at different displacement amplitudes
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Fig. 6 Fretting loops for uranium and Ti/TiN multilayer film at normal load of 20 N and various displacement amplitudes: (a) 5 um;

(b) 20 um; (c) 100 um
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uranium under different displacement amplitudes.
3.2.3 Damage observations and wear mechanism

Figure 7 shows optical morphologies of typical
wear scars at a normal load of 20 N, displacement
amplitude of 10, 20, 50 and 100 um, respectively. As can
be seen from Fig. 7, when the displacement amplitude
was smaller than 50 pum, the shapes of wear scars were
nearly round; when the displacement amplitude was
100 pm, the worn scars were in ellipsoidal shape along
the fretting direction. The size of wear scar increased
with displacement amplitude increasing from 10 to
100 um. The wear scar for the displacement amplitude of
5 um was not found from the optical microscopy, which
was observed from the SEM image (see Fig. 8(a)). A
typical annular scar morphology of PSR was observed on
the Ti/TiN multilayer film at the displacement amplitude
of 10 um. With the increase of displacement amplitude,
slide occurred over the entire surface. The wear damage
increased with the increase of the displacement
amplitude. At higher displacement amplitudes (D=50 and
100 um, see Figs. 7(c) and (d), respectively), the stick
zone disappeared, and the substrate materials of uranium
emerged. The Ti/TiN multilayer film was flaked off
severely. At the edge of wear scar, the layered structure
damage was found in the Ti/TiN multilayer film, as seen
in the annular morphology.

To analyze the wear damage, the SEM images and
EDS analysis of Ti/TiN multilayer film are presented in

R

Fig. 8. It was observed that Ti/TiN multilayer film only
presented slight scratch when displacement amplitude
was 5 um (Figs. 8(a, b)). Some lamellate plates also
presented in fretting scar (at the contact edge of the wear
region), which came from the counter ball. No damage
was observed at the contact center when the
displacement amplitude was small.

When the displacement amplitude was 20 pm, the
fretting wear ran in PSR. A few detached particles
covering in the contact zone formed third-body contact.
The lamellate plates also presented in fretting scar. From
the EDS spectra, at the center of wear scar, the dominant
elements were Ti and N, with low content of O. At the
edge of wear scar, O content increased with the decrease
of the Ti and N contents. Ti and N elements presented as
“W” shape, indicated that the edge of wear scar was
partial slip zone and had a more tribochemical reaction
with O. Ti/TiN multilayer film had much severer damage
at the edge than at the center. The delamination was main
wear mechanism.

A lot of particles were found on the surface when
displacement amplitude was 100 pm (Figs. 8(e, f)). A
thick debris layer covered on the contact zones. At Spots
1 and 2, as indicated in Fig. 8(f), EDS analysis was
carried out. The molar fractions were summarized in
Table 1. In Spot 1, the main elements were Ti and N with
little O, coming from the substrate. In Spot 2, the
dominant elements were U and O at the edge of wear

Fig. 7 Optical morphologies of fretting damaged surfaces of Ti/TiN multilayer film at different displacement amplitudes:

(a) D=10 um; (b) D= 20 um; (c) D=50 pum; (d) D=100 pm
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Fig. 8 SEM morphologies of fretting damaged surface of Ti/TiN multilayer film: (a, b) D=5 um; (c, d) D=20 pm; (e, f) D=100 pm

Table 1 EDS response at Spot 1 and 2 as indicated in Fig. 8(f)

Molar fraction

Molar fraction

Element at Spot 1/% at Spot 2/%
. 0.61 91.28
Ti 47.16 0.48
N 42.18 0.00
0 10.06 8.24

scar. The Ti/TiN multilayer film flaked off severely and
caused uranium substrate to be exposed in air, which can
be seen from the EDS spectra. Ti/TiN multilayer film
was completely damaged due to gross sliding; the
protection effect of the film was lost. Therefore, the COF
value the Ti/TiN multilayer film was consistent with that
of uranium substrate after 5000 cycles. The delamination
and abrasive wear were main wear mechanism in SR.
Figure 9 presents scar profile of uranium and Ti/TiN
multilayer film at normal load of 20 N, displacement
amplitudes of 5, 10, 20, 50 and 100 um. The scar profiles
were measured by 3D optical microscope. Profiles at

lower displacement amplitude presented very slight
material transfer. At the displacement amplitudes of 5
and 10 pum, the depth of wear scar in the center was less
than the film thickness. The film removed incompletely
from the contact zone although some scratch formed.
The protection effect of the film still existed after 1x10*
cycles. The wear depth was larger than the film thickness
when displacement amplitude was above 20 um.

Figure 10 shows the 3D profiles of Ti/TiN
multilayer film under different displacement amplitudes.
The wear area increased with the increase of
displacement amplitude. At the displacement amplitude
of 20 um, the wear debris was not discharged completely
during the test, and the wear scar was bulgy partly. When
the displacement amplitude increased to 50 and 100 pm,
respectively, the wear morphology was elliptic type.
Because the wear debris could discharge easily from the
wear scar, and the wear morphology was regular.

Figure 11 shows the wear volume and wear rate of
uranium and Ti/TiN multilayer film at different
displacement amplitudes. It could be found that the wear
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Fig. 9 Scar profiles of uranium and Ti/TiN multilayer film at different displacement amplitudes

Fig. 10 3D profiles of Ti/TiN multilayer film at different displacement amplitudes: (a) 5 pm; (b) 10 um; (c) 20 pum; (d) 50 um;

(e) 100 pm
1.8x107 [y =
1.5x107 L =3 Uranium substrate S -
’ E Ti/TiN multilayer film =
L 12x107} "
g g
2 09407 &
_g 0.6><107_' 2 LA |
g & i
= o
§ 6.0x105t .
=
4.0x105} . g
20000 5 & & % 5 S I
0 = - =
5 10 20 50 100
Displacement/um

-4
4.0x10 (b) =3 Uranium substrate ¢
I Ti/TiN multilayer film
2 3.9%107 . L
g N
Z 3.8x107f . —
£ z B ,
£ ' : ‘
T 7.5x107 ¢
e “
§ 5.0x10°| = .
= fr R B t = g
25%10° (pmm = S % % 2 z
0 J:L [ | | o | ]
5 10 20 50 100
Displacement/um

Fig. 11 Wear volume (a) and wear rate (b) of uranium and Ti/TiN multilayer film at different displacement amplitudes

volume gradually increased with the increase of
displacement amplitude. The wear volume increased
slowly when the displacement amplitude was lower than
10 um. A distinct increase of wear volume was observed
when the displacement amplitude was above 20 pm.

When the displacement amplitudes was 50 um, the wear
rate was maximum. From the wear volume and wear
rate, it was found that the Ti/TiN multilayer film
could improve the tribological behaviors of uranium
greatly.
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4 Conclusions

1) The thickness of Ti/TiN multilayer film was
about 2.27 um. The film was densely packed, and there
were no voids and micro-cracks. The average elastic
modulus obtained by nano-indentation test under 5 mN
force was 471.55 GPa.

2) The fretting process ran in PSR and SR under
different displacement amplitudes. With the increase of
displacement amplitude, the depth and width of wear
scars became larger due to transformation of the fretting
mode from PSR to SR.

3) The delamination was main wear mechanism in
the PSR. Abrasive and delamination were the main wear
mechanism in the SR for the Ti/TiN multilayer film.
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tERME Ti/TIN Z EREEARHIRETRMEIERITA

ZHFE, FEME? B, AEL, BER RERES

1. ETREDEB AR SRR, 408 621900;
2. PHRRCIBRY: MR AR E T E S BEEEM AT, AR 610031

1 . FHZ IS TR AREHRET & TVTIN 2 Z2R)E U3t s s B tkee. KA SEM. XRD fil AES fiff
REZIRZNITEI . SARITER DA a5/ Ak 07 U 708 & TYTIN 2 252 @S BT 8. 81 TYTIN
Z 2 )2 B BRI 4 N E T 20 N AL RBIRAE 5~100 um. FEFE M BIRERIIEIN, M2\ Es X
ANTEAEIFREIX . B RA G AR IR AE 3G 3G n . 255K, MR IRE B iR RSB ERE. 2
FBIRME /N T 20 um I, 32 HBUEHERG . IR, TUTIN 2202 EH 05 X H) 3 BN IE N Z,
T 7E 56 4 TR % DX PR 1 0L 252 g 380 J22 AR B 437
XA TUTIN 223 WMehBH; BEyE; MBiRE
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