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Abstract

A systematic experimental investigation concerning the fretting-induced tribo-chemical state and its effect on the fretting
wear behavior of titanium alloys under the vacuum atmospheres (4 x 10~ Pa and 4 x 10~! Pa) in different fretting regimes
is reported. An in situ XPS analysis tester was developed to capture the real tribo-chemical state of worn surface for all test
conditions. Results show that samples subjected to different vacuum atmospheres have varied tribo-chemical states depend-
ing on the fretting regime, which play significantly different roles in determining the associated damage mechanisms and
the resulting fretting wear resistance. Under both vacuum atmospheres, in the partial slip regime (PSR) the worn scars were
mainly covered by TiO,, showing comparable levels of very slight damage, while in the mixed fretting regime (MFR), the
tribo-layer is still mainly consisted of TiO,, but with an evident peak of Ti metal for the high vacuum degree (4 x 10~ Pa)
in MFR, showing a mild damage. In contrast, in the gross slip regime (GSR), Ti metal was prone to be oxidized to Ti,O4
and TiO on the worn scar, especially for the low vacuum degree (4 x 10~! Pa) having a highest content of Ti,O5. It might be
inferred that the tribo-layer containing more Ti,O; formed during fretting wear process is susceptible to be broken, hence
showing a highest fretting wear volume in GSR for the low vacuum degree. The results suggest that for the vacuum environ-
ments, the Ti6Al4V may be more suitable to be used under the high vacuum atmosphere.

Keywords Titanium alloy - In situ XPS - Vacuum atmosphere - Fretting wear - Tribo-chemical state

1 Introduction

Tribo-chemical reaction is a common tribological behavior
invariably observed in tight fit assemblies during fretting
wear process for industrial applications, such as aerospace
engineering, naval craft, mineral processing, and nuclear
engineering [1-3]. Titanium alloys due to their great com-
binations of the low density, high specific strength, excel-
lent corrosion resistance and biocompatibility, have been
often used in such industrial applications including those
where the wear plays a key role, i.e., plunger, gear, bolts, the
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screws, nuts and rivets [1, 4]. With the development and the
high demand on the industrial applications orienting towards
the hash working conditions, such mechanical systems and
structural components of titanium alloys were required to be
used in various working atmospheres including the non-air
atmosphere. For instance, the working environments of the
aircraft and spacecraft will range from the air atmosphere to
the space environment and will experience different vacuum
degree atmospheres, which will hence lead to varied tribo-
chemical reactions and then form different tribo-chemical
products on the contact interface [5, 6]. Many studies [7-9]
have revealed that the resulting tribo-chemical products dur-
ing wear process play a significant influence on the wear
behavior depending on the working environments. Hence, it
is of great importance to probe the tribo-chemical state and
study its role in determining the associated wear behavior.
There have been many works conducted to study the wear
behavior of titanium alloys and received increasing atten-
tions on the wear behaviors under the different test atmos-
pheres. Nevertheless, the works to study wear behavior of
titanium alloys are mostly conducted in the air atmosphere
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with the respect to the multi-aspect, such as the sliding speed
and/or loading conditions [10-12], the temperature [13, 14],
tribo-oxides layer [12, 15—17], which can be concluded that
the wear mechanisms are dependent on the sliding speeds
and/or loading conditions, and a compacted tribo-oxides
layer can provide a protection against wear and then improve
the wear resistance. In contrast, there are some researches
on the wear behavior of titanium alloys under the non-air
atmosphere. Mercer et al. [18] compared the wear resistance
of Ti-6A1-4V alloy under dry inert gas (argon and nitrogen)
and dry air conditions, and found that the abrasive wear rate
in inert gas atmosphere was significantly lower than that
in air atmosphere, which was considered to be due to the
possibility that abrasive wear in inert gas environment may
lead to a change in the contact surface products of titanium
alloys and then improved the surface ductility. Liu et al. [19]
studied the wear behavior of Ti—-6Al-4V in vacuum and in
air atmosphere, and the results demonstrated that the wear
rate in vacuum was substantially lower than that in air under
all sliding speeds and loads, which suggested that it could
be due to the formation of nanostructure in subsurface and a
large number of dislocations under vacuum condition due to
the adhesion. In another studies related to the comparison in
wear resistance of titanium alloys in air and vacuum condi-
tions, some investigations [6, 19, 20] reported that the wear
rate of titanium alloys in vacuum and in air was strongly
dependent on the sliding rate, and further pointed out that
there is a critical sliding rate within which the wear rate in
vacuum was lower than that in air, but beyond which the
wear rate in vacuum was higher than that in air due to the
oxide layer produced in air hence lowering the wear rates
[21]. Moreover, Zhong et al. [22] concentrated on vacuum
atmosphere to study the tribological properties of titanium
alloys, and the results showed that the sliding wear volumes
increased monotonically with the sliding velocities. The
observations demonstrated that at the lower sliding velocity
the main wear mechanism was abrasive wear, while at the
highest sliding velocity the dominant wear mechanisms was
the severe delamination and plastic deformation. In addi-
tion, Yazdanian et al. [23] studied the sliding wear behavior
of thermally oxidized Ti—6Al-4V under the vacuum condi-
tion, and the results showed that the TiO, layer formed in
the surface prevent surface plastic deformation to reduce
wear rate under the vacuum sliding. Notwithstanding these
studies make a significant progress in understanding of
wear behavior of titanium alloys, till now the works on
the wear behavior of titanium alloys either focused on the
sliding wear or the air atmospheres. Systematic investiga-
tions into the fretting-induced tribo-chemical behavior of
titanium alloys under the vacuum atmosphere are still lack-
ing. Although a few researches concerning the fretting wear
of titanium alloys have been conducted and demonstrated
that the formation of TiO, can improve the fretting wear
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resistance [8, 24], they are mainly limited in the case of the
air atmospheres. Therefore, the response of tribo-chemical
products on fretting wear under vacuum atmosphere is still
not yet clear.

The aim of the present work is to clarify the real tribo-
chemical state of worn surface in the vacuum atmospheres
during fretting wear process by using an in situ XPS analysis
tester and study its effect on the fretting wear behavior. The
in situ XPS analysis tester was developed by a self-designed
high precision fretting wear tester integrated with an X-ray
photoelectron spectroscopy (XPS) equipment. In the current
paper, a Ti6Al4V titanium alloy was selected and different
vacuum degrees atmospheres were chosen. The tribo-chem-
ical products of Ti6Al4V titanium alloy in the different fret-
ting regimes are investigated. The worn scar and the associ-
ated damage mechanisms upon different test conditions are
analyzed, and the correlation of tribo-chemical state with the
resulting damage mechanism and the fretting wear resistance
are discussed. In addition, the fretting wear resistance of
Ti6Al4V titanium alloy under the vacuum atmospheres was
compared to that under the air atmosphere.

2 Experimental Procedures
2.1 Materials and Sample Preparation

In the present study, a commercial Ti6Al4V titanium alloy
plate obtained by annealing at 750 °C for 3 h followed by
air cooling was chosen. It has a Vickers’s hardness of 320.
Prior to the fretting wear tests, samples were mounted and
polished by automatic polishing machine (AutoMet 250),
obtaining a final surface roughness (Ra) of 0.03 pm. The
specimens for fretting wear tests were prepared with the size
of 15 mmx 10 mm X 3 mm. GCr15 steel with the diameter
of 10 mm, the roughness of 0.05 pm and Vickers’s hardness
of 690 was used as counter-body in the current study. All
samples were ultrasonically cleaned for 10 min with alcohol
to guarantee the removal of pollution on the surface before
fretting wear tests, and then were immersed inside the alco-
hol for the protection from exposure to the atmosphere.

2.2 Fretting Wear Tests

In order to realize the in situ observation on the tribo-chem-
ical state of worn surface of Ti6Al4V titanium alloy, the
fretting wear tests were performed on a self-designed high
precision fretting wear testing machine assembled with an
X-ray photoelectron spectroscopy (XPS) equipment. This
method can capture the real tribo-chemical products of worn
surface via the process of directly transferring the sample
after fretting wear in a specific atmosphere into the XPS
chamber without the exposure to the air environment. The
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in situ XPS test is different from the conventional XPS tests
where the tested samples after wear test would be exposed
inevitably to the air atmosphere when transferred to XPS
chamber and hence the resulting worn scar can be oxidized
under the air atmosphere during transfer process. A detailed
schematic drawing of the fretting wear test equipped with an
in situ XPS analysis device is shown in Fig. 1. In the experi-
mental setup the fretting wear test device was connected
with XPS device via a corrugated pipe involved a gate valve
inside. Figure 1b gives the schematic drawing of the fretting
wear test part, in which the specimen placed on the table was
driven by a piezoelectric ceramic actuator. A grating dis-
placement sensor was located on the lateral side of sample
holder on table as shown in Fig. 1b. The grating ruler of the
displacement sensor was stick on the lateral side of sample
holder. As the fretting occurred due to the actuator, the sam-
ple fixed on the sample holder would have the displacement
variation, and meanwhile the read head of the displacement
sensor read and record the displacement difference, which
can give a real-time feedback of displacement to actuator,
so as to approach a high precision of about+0.1 um for the
displacement control, as described in Ref. [25].

The fretting wear tests were conducted under the different
vacuum degrees of atmospheres. After the completion of
fretting wear test, the magnetic control rod marked with “1”
in Fig. 1a will be pushed into the fretting wear test chamber
to catch the sample holder (seen in Fig. 1c¢), while the load-
ing cell was unloaded and the fastening screw to tighten

the sample was released by rotating the left level device.
The next step is to open the gated valve between the wear
test chamber and XPS sample chamber, and then transfer
the sample by using the magnetic control rod to the sample
shelf (seen in Fig. 1c) with which the sample can then be
delivered to the XPS sample chamber as marked with “5”
in Fig. la. Finally, after the gated valve was closed and the
XPS sample chamber was evacuated to 1 x 107> Pa equiva-
lent to that of XPS working chamber (as marked with “6”
in Fig. 1a), the sample was directly moved into the XPS
working chamber for tribo-chemistry analysis. The whole
experimental process took place in a closed environment
without exposure to air, as stated in previous study [26]. In
addition, it is worth pointing out that in the current experi-
mental setups, the counter body (GCrl15) was fixed on the
clamping device, which cannot be disassembled from the
clamping device without opening the chamber door after
wear tests. Therefore, the real tribo-chemical state of coun-
ter-body (GCr15) cannot be studied in the current study.
The fretting wear tests in the current work were con-
ducted under the normal load of 20N with the various
displacement amplitudes, i.e., 1 pm, 5 pm, 10 pm, 20 pm,
30 pm, 40 um. Here, the displacement amplitude was
defined the maximum value of relative displacement
between sample and counter-body with respect to the start-
ing point of fretting wear. Based on the loading condi-
tion and the material parameters, the elastic Hertz contact
radius has been calculated, and it is much larger than all

Sample holder

Fig. 1 A schematic drawing of the fretting wear tester integrated with
an XPS analysis device. a External view: (1) Magnetic control rod for
delivering the sample; (2) Loading device; (3) The chamber of fric-
tion wear test; (4) Gate valve; (5) XPS delivering sample chamber;

(6) XPS working chamber; b A schematic drawing of the fretting
wear test; ¢ Internal view of delivering sample from wear test cham-
ber to XPS chamber
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displacement amplitudes chosen, which make sure that the
wear process is belonging to the fretting wear. Two dif-
ferent degrees of vacuum atmospheres were adopted, i.e.,
4%x1073 Pa, 4x 10~ Pa. Each test was repeated 3 times to
make sure that reproducibility was observed and reported.
The detailed test parameters selected are list in Table 1.

2.3 Worn Scar Observation

The tribo-chemical state on the worn scar was analyzed by
the X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi, Thermo). After finished the analysis of XPS, the
morphologies of the worn scars were observed by a scan-
ning electron microscopy (SEM, JSM-6610, JOEL). The
wear loss and the profiles of worn scar were quantified by
a white light interferometer (WLI, GTK-16-0295, Bruker).

Table 1 The test parameters of fretting wear test

Test parameters

Normal load 20N

Displacement amplitude 1 pm, 5 pm, 10 pm,
20 pm, 30 pm,
40 pm

Frequency 2 Hz

Cycles numbers 1x10*

Atmosphere parameter 4x107 Pa, 4x 107! Pa

3 Results and Discussions
3.1 Fretting Regimes

The evolutions of fretting hysteresis loops consisted of
frictional force (F,) versus displacement amplitude (D) as
functions of cycles are often employed to distinguish the
fretting regimes of worn surface. According to the work of
Zhou et al. [27, 28], three fretting regimes, i.e., partial slip
regime (PSR), mixed fretting regime (MFR) and gross slip
regime (GSR), can be well examined on the basis of the
shape of F,—D—N curves. Figure 2 presents one cycle of the
F~D-N curves at the steady stage under the imposed normal
load 20 N with the different displacements, with which three
typical fretting regimes can be well observed based on the
shape of the F—D curves under the 4 X 102 Pa, 4% 107" Pa,
respectively. In the case of P=4x 107! Pa, at a low displace-
ment amplitude around (less than) 1 pm, the displacement
is mainly accommodated by elastic deformation and hence
the F—D curve presents a nearly line shape as shown in
Fig. 2a, which reveals that the fretting process runs in the
partial slip regime (PSR) under such working conditions.
As the displacement amplitude increases to a higher value
(D> 10 pm), there is evident relative displacement motion
along with serious plastic deformation and hence all F,—D
curves are open and display a quasi-rectangular shape as
shown in Fig. 2d—f, suggesting a gross slip regime (GSR)
[28]. Nonetheless, they indeed show somewhat difference
in the friction force (i.e., friction coefficient), which should
relate to the state of contact interface depending on the
vacuum degree, such as the tribo-oxides, the formation and
removal of debris. While for an intermediate displacement
amplitude such as 5 pm and 10 pm, the F—D curve presents
an elliptical shape of loop as demonstrated in Fig. 2b, c,

1pm (@)1 5pm () { 10pm (©1 20um (@] 30pm () { 40pm (®
_
Z  20- 1 1 - - -
3]
[ 3]
S
=
i : . : ] ]
= /
=
=]
.5
2 2201 1 1 | | ]
S
=
10 1 5 0 5 -10 0 10 20 0 20 -30 0 30-40 0 40
—— p=4x10~Pa .
p=4x10"Pa Displacement(pum)

Fig.2 The evolutions of fretting hysteresis loops under the vacuum atmospheres (F, =20 N, N=10%
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Table 2 The value of energy ratio A

Displacement amplitude A (energy ratio) for A (energy
(pm) 4%107' Pa ratio) for
4x107 Pa

1 0.19 0.17

5 0.20 0.18

10 0.20 0.17

20 0.73 0.71

30 0.75 0.75

40 0.77 0.77

referring to MFR where the contact interfaces were mainly
coordinated by the elastoplastic deformation [29]. While for
the higher vacuum degree of 4 x 107 Pa, it presents largely
similar fretting loops evolutions to those under 4 x 107! Pa.
In order to make sure the accuracy in distinguishing the
fretting regimes by the Ft—D curve, the energy ratio A as
proposed by Fouvry et al. [30] was also calculated as shown
in Table 2. Based on the Fouvry’s work, the energy ration
A of 0.2 can be considered as the estimated boundary of
the partial slip state and the gross slip state distinguished. It
can be seen that the criteria to distinguish the fretting wear
region by energy ratio A is largely consistent with that by the
shape of Ft—D curve in the current investigation.

Moreover, compared to the previous investigation on
the fretting regimes for the air atmosphere [27], the main
difference is that the region of MFR (5 pm <D <20 pm)
under the vacuum atmosphere is broader than that under
air environment, which could be attributed to the possibil-
ity that under the vacuum environment the contact interface
is more susceptible to stick slip and hence lead to hardly
slip. Under the vacuum, the original pre-oxidized film on
the Ti metal can be easily ruptured and removed after some
fretting wear cycles, and then a fresh Ti metal would be
exposed. Compared to the air atmosphere, the exposed fresh
Ti metal was more difficult to be re-oxidized under the vac-
uum atmosphere in the subsequent fretting wear process.
As a result, the contact interface between fresh Ti metal
and counter-body is easy to form welding and hence cause
adhesion effect, hence hind the slip and then broaden the
region of MFR [31].

3.2 Tribo-chemical States of Worn Surface
in Different Fretting Regimes

The in situ XPS analysis tests presented here can realize the
process of transferring the sample after fretting wear in a
specific environment directly into the XPS chamber with-
out exposure to the air environment, and can well probe a
real tribo-chemical state. In order to benchmark the conven-
tional XPS analysis method, the Fig. 3 gives the difference

Intensity/a.u.

468 464 460 456 452
Binding Energy/eV

Fig.3 Ti 2p spectra on the worn scars in the vacuum atmospheres for
the in situ and conventional XPS analysis (#,=20 N, D=30 pm)

in chemical state of worn surface between the conventional
XPS analysis and in situ XPS analysis with regard to the Ti
2p spectra under the vacuum atmosphere of 4 x 107 Pa. It
should be noticed here that in XPS analysis, all spectra were
calibrated by the C 1s peak with the standard binding energy
of 284.8 eV. As can be seen in Fig. 3, the spectra of Ti 2p
are all consisted of four components identified as Ti** 2ps,
(458.5eV), Ti* 2ps, (456.9 eV), Ti*" 2p;;, (455.0 eV) and
Ti 2ps, (453.9 V), which correspond to TiO,, Ti,05, TiO
and Ti, respectively. Nonetheless, there is a significant dif-
ference in XPS results between both. Compared with in situ
XPS analysis results, there is a higher percentage of TiO,
content but much lower percentage of Ti metal in the con-
ventional XPS analysis, which indicates the occurrence of
continuous oxidation of Ti metal on the worn surface as
exposed to the air atmosphere during the process of transfer-
ring the sample to the XPS chamber. It further indicates that
the conventional XPS analysis cannot properly probe the real
tribo-chemical state produced during fretting wear process
under the non-air atmosphere.

Considering that the Ti spectra are expected to better rep-
resent the chemical state of not only the Ti itself but also the
corresponding O element, in the current study the Ti spectra
were selected for the analysis of tribo-chemical state of the
worn surface. Figures 4, 5 and 6 present in situ XPS analy-
sis results on the chemical state of worn surface produced
in different fretting running regimes, i.e., PSR (D=1 pm,
seen in Fig. 4), MFR (D=5 pm, seen in Fig. 5) and GSR
(D=30 pm, seen in Fig. 6) with the normal load of 20 N
under the 4x 107% Pa, and 4 x 10”! Pa, respectively. The
resulting content percentage of oxides on the worn scar for
all test conditions are list in Table 3.

@ Springer



Tribology Letters (2024) 72:43

43 Page 6 of 16
T4t T3 T Ti2 1 Ti
| | I
| | |
. =4x10>Pa L
:‘: P | | |
= o
iy
72}
=
[«P]
N
=
]

464 460
Binding Energy/eV

468

Fig.4 XPS spectra of Ti 2p on the worn scars in PSR (D=1 pm)

In the case of PSR (D=1 pm), as can be seen in Fig. 4,
regardless of the test atmospheres the main peaks of Ti 2p
are all Ti** spectra at 458.5 eV corresponding to the TiO,,
along with very weak peaks of Ti, Ti** (TiO) and Ti**
(Ti,05). Based on the previous study on the XPS analysis
of the initial surface of polished samples [27], the dominant
TiO, could be mainly originated from the initial surface of
polished samples. It implies that the contact interface was
suffered from very slight damage, which is well consistent
with the nature of partial slip regime. With the increase
of displacement amplitude up to 5 pm, the fretting regime
enters the MFR. On the basis of the XPS survey spectra
in MFR as seen in Fig. 5a, it can be seen that although the

~
o
~

MFR
—— p=4x10"Pa

—— p=4x10"Pa

S

O1s

/

Intensity/a.u.

1200 1000 800 600 400 200

Binding Energy/eV

0

counter-body is GCr15 steel, no Fe peak can be found on the
worn surface, i.e., no material of the counter-body has trans-
ferred, which is also applied to the case of PSR. The cause
could be attributed to the marginal displacement movement
in MFR and PSR. Therefore, only the XPS results of Ti 2p
were given for the MFR. As seen in Fig. 5b, the XPS spectra
seems to be some different from that in PSR. Except for the
main peaks of Ti 2p spectra at 458.5 eV corresponding to
the TiO,, there is an evident peak of Ti metal at 453.9 eV.
As shown in Table 3, the percentage of Ti metal content for
the 4x 107> Pa and 4 x 107! Pa are 13%, 7%, respectively.
Compared to the PSR, the clear evidence of Ti metal peak
suggests that there is more exposure of Ti matrix in MFR,
especially for 4x 107> Pa vacuum conditions, which could
be relevant to the oxygen-poor atmosphere. Nevertheless, for
all testing atmospheres the peaks of Ti 2p spectra (TiO,) are
still dominant, i.e.,72% TiO, for 4 x 1073 Pa, and 81% TiO,
for 4x 107" Pa (seen in Table 3).

In the case of GSR (D =30 pm), the XPS survey spectra
is similar to that in MFR (seen in Fig. 6a), i.e., no Fe 2p
peak but Ti 2p peak can be found, which also indicates no
counter-body material transfer occurred under the vacuum
atmosphere. As observed, under the vacuum conditions
(4% 1073 Pa and 4 x 107" Pa), the XPS result in GSR is quite
different from MFR and PSR. Besides the peak of Ti**
(TiO,), there are significantly evident peaks of Ti metal,
Ti** (TiO) and Ti*" (Ti,0,) peak in the GSR, which implies
that Ti metal was prone to be oxidized to Ti** (Ti,05) and
Ti?* (TiO) under the vacuum atmosphere in GSR. As listed
in Table 3, the Ti 2p for 4x 107! Pa atmosphere are com-
posed of 40%TiO,, 18%Ti,05, 21%TiO, and 21%Ti, while
for 4x 1073 Pa the Ti 2p are consisted of 40%TiO,, 8%Ti,0;,
20%TiO, and 32%Ti. It demonstrates that under the low

it Ti3 T Ti2 Ti
(b) [MFR T
] |
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= I

& | I 72
%
=
<%}
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Fig.5 XPS spectra of the worn scars in MFR. a the survey spectra. b Ti 2p (D=5 pm)
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Fig.6 XPS spectra of the worn scars in GSR. a the survey spectra. b Ti 2p (D =30 pm)
Table3 Percentage contents of oy o onditions PSR (D=1 pm) MEFR (D=5 pm) GSR (D=30 pm)
titanium oxides of worn scars
under different conditions (at.%) Element TiYY Tt TP Ti T Tt TP Ti Ti* Tt TiYY Ti
p=4x10"Pa 084 007 003 006 081 006 006 007 040 018 021 021
p=4x102Pa 081 007 007 005 072 006 009 013 040 0.08 020 032

vacuum degree there is a higher percentage of Ti,O; and
TiO, while under the high vacuum degree there is a higher
percentage of Ti pure metal. During the fretting wear pro-
cess, the oxidation and mechanical deformation are intrinsi-
cally coupled. The oxidation layer on the top surface can be
crimped and broken under the mechanical deformation, and
hence more fresh Ti metal was exposed yet meanwhile was
suffered from the mixture of mechanical deformation and
oxidation again. Under the high vacuum atmosphere, espe-
cial for the 4 x 1073 Pa, the oxidation reaction was inhibited
along with the mechanical mixing, hence showing more Ti
metal on the worn scar.

The XPS results as discussed above clearly point out that
the tribo-chemical state induced by fretting wear under var-
ied specific atmospheres is significantly different depend-
ing on the fretting run regime, which hence could lead to
remarkably different fretting wear behavior.

3.3 Damage Observations and Wear Mechanisms

After the fretting wear tests under the 4 X 1073 Pa,
4% 107" Pa, samples produced under 20N in different fretting
running regimes, i.e., PSR (D=1 pm), MFR (D=5 pm) and
GSR (D =30 pm) were selected for further morphological
observations and wear mechanism analysis of worn surfaces.

3.3.1 Partial Slip Regime

Figure 7 displays the worn scar of Ti6Al4V titanium alloy
in partial slip regime (PSR, D=1 pm) with the normal load
of 20 N under the vacuum atmospheres. In the partial slip
regime, due to much small displacement amplitude imposed,
the reciprocating displacement was mainly the result of the
elastic deformation of contact surface and the compliance of
the tribo-system [32]. On the basis of the Mindlin’s theory
[33], a maximum value of Hertzian contact pressure is pro-
duced at the center of contact area and gradually decreases
outwards. The distribution of the Hertz contact pressure will
give rise to the stick at the center of contact surface and
then the occurrence of micro-slip at the contact edge, conse-
quently leading to the formation of wear annulus around the
edge of the contact zone. As shown in Fig. 7, a typical worn
scar morphology with a sticky contact zone at the center
and wear annulus at the edge can be observed on the contact
surface in PSR. Given the much small displacement hence
almost no relative motion, the contact surfaces are often suf-
fered from a very slight damage, as seen in Fig. 7 where the
worn scars all look smooth. In contrast, for 4 x 10~! Pa, there
is no evident worn scar trace without clear wear annulus as
seen in Fig. 7b, which is similar to that under the air atmos-
phere as reported in Refs. [21, 27]. As stated earlier, in PSR

@ Springer
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Fig.7 SEM of worn scars of
Ti6Al4V titanium alloy in
PSR under a 4x 107> Pa and b
4x107 Pa

the relative motion is mainly coordinated by elastic defor-
mation. Given that the high degree of vacuum atmosphere
can generally strengthen the adhesion of contact interface,
under the high vacuum degree of 4 x 10~ Pa the displace-
ment motion could be mainly realized by micro-slip on the
contact edge because of the stick at the center of contact
surface as seen in Fig. 7a. While for the low vacuum degree
of 4x 107! Pa the relative motion may be coordinated by
elastic deformation of the whole contact interface, hence
leading to the worn scar morphology of Fig. 7b. In addi-
tion, combined with the XPS result of Fig. 4 which indicates
that the contact interface is mainly TiO, originated from the
initial surface of polished samples, the samples present very
slight damage in PSR.

3.3.2 Mixed Fretting Regime
Figure 8 illustrates the damage mechanism of Ti6Al4V tita-

nium alloy in mixed fretting regime (MFR, D=5 pm) under

Fig.8 SEM of worn scars of
Ti6Al4V titanium alloy in MFR
under a and b 4x 107 Pa, ¢ and
d4x107' pa

delamination

@ Springer

the normal load of 20 N under the vacuum atmospheres. It
should be noted that the views presented in Fig. 8b, d are
the resulting local magnified images of Fig. 8a, ¢ as marked
in red dash line, respectively. As can be seen in Fig. 8, the
worn scars produced in two different vacuum atmospheres
show different morphologies. In the case of 4 x 10~ Pa (the
high vacuum degree), the worn surface looks relatively
smooth. However, there are a lot of small craters dispersed
on the worn scar, which may be related to the adhesion of
Ti metal material to the counter-body. As seen in Fig. 9a—e,
the EDS results indicate that the worn scar of counter-body
has some mount of Ti, Al and V element, showing materials
transfer from the Ti metal surface. On the basis of the XPS
results in Table 3, the tribo-chemical products on the worn
scar in MFR under the high degree of vacuum atmosphere
(4% 107 Pa) is equivalent to that in PSR, which indicates
that in MFR the tribo-oxidation is still difficult to take place
on the worn surface due to no gas adsorption on the contact
interface. As a result, it mainly shows the crater damage

Sar

- |delamination
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Fig.9 SEM and EDS of worn scars of counter-body in MFR under a—e 4x 107 Pa, f—j 4x 10~' Pa

due to the adhesion effect from micro-asperities shear under
the tangential force as reported in Ref. [34]. While for the
4% 107! Pa of low vacuum degree, the morphologies of the
center worn surface of Ti metal and counter-body are similar
to those created at 4 x 10~ Pa atmosphere, which may be
due to the possibility that the small displacement amplitude
in MFR makes the center region of contact interface quasi-
isolated from gas atmosphere, consequently leading to the
result of equivalent atmosphere to 4 x 10~ Pa atmosphere.
The Ti metal material transfer to the counter-body can also
be observed, as seen in Fig. 9f—j. On the edge of worn scar,
however, the debris, delamination and cracks can be found
as shown in Fig. 8c, which may be relevant to the possibil-
ity that the edge of worn scar was easily exposed to the
as-received atmosphere and hence tribo-oxidation layer is
relatively easier to be formed than that in the center of con-
tact zone. Therefore, with the fretting wear process proceeds,
tribo-oxidation film formed on the edge of worn scar was
gradually sheared and subsequently broken in a plate-like
shape, hence forming some delamination and debris as dis-
played in Fig. 8c. The morphology of worn scar produced in
the 4 x 107! Pa suggests the main wear damage is adhesion
wear accompanied by tribo-oxidation at the edge area.

3.3.3 Slip Regime

Figure 10 illustrates the damage mechanism of titanium
alloy under the two different vacuum atmospheres in slip
regime (GSR, D=30 um). Similarly, the views presented
in Fig. 10b, d are the local magnified images of Fig. 10a,
¢ as marked in the red dash line, respectively. It is clear
in GSR that the two different vacuum atmospheres cause
significantly different morphologies of worn scars. Under
the high vacuum condition (4 x 1073 Pa), an evident plastic
flow and adhesion shear can be observed and continuous
wide furrows are distributed over the contact surface, as
seen in Fig. 10a, b. The observations of cross section show
a visible plastic deformation layer with a thin mechani-
cal mixed layer (MML) on the top of surface, as seen in
Fig. 11a. With the fretting wear process proceeds, the
MML would be broken and formed discontinuous lami-
nate-like flakes on the worn surface as seen in Fig. 10b.
Upon the subsequent fretting wear events, the flakes
were gradually grinded accompanied by delamination,
to produce some debris and then micro-plough the worn
surface. Meanwhile, the debris were gradually expelled
from the contact zone during the reciprocating motions,
finally accumulating around the outside edge of worn scar
as seen in Fig. 10a. Moreover, as seen in Fig. 12a-e, a
large amount of Ti metal material was transferred to the
counter-body, presenting an evident adhesion effect taken
placed on the contact interface. While for the low vacuum
degree atmosphere of 4 x 107! Pa, the worn scar displays a
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Fig. 10 SEM of worn scars of
Ti6Al4V titanium alloy in GSR
under a and b 4x 107 Pa, ¢ and
d4x107! Pa

Fig. 11 The subsurface of worn
scars in GSR fora4x 107 Pa, b
4x107! Pa

different serious damage morphology with lots of debris. It
is interesting to notice that the contact zone seems to show
two distinct zones like swimming ring (seen in Fig. 10c),
i.e., (1) the center of the ring marked in the yellow dash
line (the center of contact zone) which is very smooth
accompanied by a few laminate-like flakes without much
debris and (2) annular area between the blue dash line (the
edge of worn scar distinguished by 3D profiles with the
white light interferometer) and the yellow dash line which
is covered with lots of small debris. Combined with the
SEM images on the cross section (seen in Fig. 11b), there
are much thicker MML within the plastic deformation layer
as well, but it can be observed that the MML is uncom-
pacted with lots of micro-cracks and micro-voids inside.
As discussed above for the tribo-chemical products on the
worn scar, under the low vacuum degree of 4 X 107! Pa,
there is much higher content of Ti,O; formed on the worn
scar than that under the high vacuum degree of 4 x 10~ Pa.
It may be deduced that the uncompacted MML formed
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during the process of fretting wear was gradually grinded
and meanwhile was prone to produce a tribo-oxidation
layer containing more Ti,O5 products under such vacuum
atmosphere (4 X 107! Pa). It is clear that tribo-oxidation
layer on the top surface of MML is quite loosen with many
micro-voids and micro-cracks (seen in Fig. 11b), which is
susceptible to be broken and then delaminated due to the
cyclic interaction of the fretting wear contact and hence
form lots of debris, eventually approaching a dynamic
equilibrium of tribo-oxidation layer development and
removal. Upon subsequent reciprocating fretting process,
the debris were mechanically expelled from the worn scar,
and even adhered on the contact surface of counter-body
(i.e., evident material transfer as seen in Fig. 12f—j to be
transferred to the outside of worn scars, finally leading to
lots of debris accumulated around the edge of worn scars.
It demonstrates that the main wear mechanisms are micro-
ploughing, micro-cracking and tribo-oxidation, accompa-
nied with material transfer. The systematic analysis of
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Fig. 12 SEM and EDS of worn scars of counter-body in GSR under a—e 4x 107 Pa, f—j 4x 10~! Pa

worn scars reveals clearly the dependence of the damage
mechanisms on fretting regime and the vacuum degree.

3.4 The Effect of Tribo-chemical State
on the Fretting Wear

The results above reveal that the tribo-chemical state
depends on not only the fretting regimes, but also the work-
ing atmosphere which can shift the damage mechanism
from one type to another. In this section, of importance is to
analyze the effect of tribo-chemical products on the friction
coefficient and fretting wear resistance.

3.4.1 The Coefficient of Friction

The coefficient of friction (CoF) evolutions with cycles
as taken in MFR under the two different vacuum degree
conditions as an example is presented in Fig. 13a. Here,
the CoF is defined as the ratio F,”/F,, where F, is the
applied normal load, and the F,” is the average value of
F, nax and absolute value of (-F; .,) collected for each
cycle, as stated in Ref. [25]. Furthermore, it is worth not-
ing that, given that in PSR the reciprocating displacement
was mainly coordinated by elastic deformation with almost
no relative motion and hence the friction force is roughly
equivalent to the static friction force, the ratio between
tangential force and normal force (F,"/F,) was defined as
a nominal coefficient of friction in PSR. As can be seen in
Fig. 13a, as the number of cycle approaches 2000 cycles
around, the friction coefficient curve starts to keep stable,
which demonstrates that the fretting wear commenced well
to enter the steady state region within 2000 cycles after the
onset of fretting wear. This implies that there are enough
cycle numbers under which the fretting wear process is at
a stable state. Figure 13b shows the average value of the
stabilized coefficient of friction (CoF) of Ti6Al4V tita-
nium alloy as a function of displacement amplitudes for
the 4 x 107 Pa and 4 x 107! Pa conditions. It should also
be noted that the determination of the stabilized coeffi-
cient of friction was referred to the Fouvry’s work [35],
i.e., the stable stage is corresponding to the [Ne, N] inter-
val of cycle number among which the standard deviation
of friction coefficient is less than 1.5%. Finally, a series
of friction coefficients on the stable stage were averaged
as the average value of the stabilized coefficient of fric-
tion. Although the evolutions of friction coefficient under
two different vacuum atmospheres plotted in Fig. 13b see
somewhat similar, in general they have different value of
friction coefficient. It can be seen that the value of nominal
friction coefficient in the PSR is quite low and equiva-
lent. The low nominal friction coefficient in PSR could be
attributed to the very small relative sliding, as well as the
fact that the contact interface is mainly covered by TiO,

@ Springer



43 Page 12 of 16

Tribology Letters (2024) 72:43

a) 1o

( ) —— p=4x107Pa

= _ -1
—— p=4x10"'P

£ 08- pm it

=

&

o 0.6

=)

=

D 0.4-

<

S

g2 02

@,

0.0 +—

0 2000 4000 6000 8000 10000
Cycles

(b) 10

' MFR —=— p=4x107Pa
= ! / —4x10°1
% 0.8 PSR ll /I SR —o—p 4x10"Pa
2] |
.: |
= 1
e 0.6 '1
It |
: 1
2 041 |
=
S
2 0.2
@)

0.0 L] L] T L) T
0 10 20 30 40
Displacement (pm)

Fig. 13 a The evolution of coefficient of friction with the cycles under two different vacuum degree conditions (D=5 pm), and b the average
value of the stabilized coefficient of friction evolutions with the displacement amplitude under the two vacuum degree atmospheres

as seen in Fig. 4, which could provide lubrication role
[36]. The equivalent nominal friction coefficient for the
different vacuum degree may be due to the cause of nearly
no relative sliding on the contact surface in PSR and the
gas outside hardly enters into the contact interface zone,
hence leading to equivalent situation of worn surface.
Upon increasing the displacement amplitude to 5 pm, i.e.,
entering to the MFR, the relative motion of contact inter-
face was coordinated by elastic—plastic deformation, and
the content of TiO, gradually decreases but the Ti metal
increase (seen in Table 3). As a consequent, both caused a
rapid increase in friction coefficient as shown in Fig. 13b,
which is consistent with the nature of adhesion in MFR
[37]. Moreover, the increment of the friction coefficient for
the 4 x 10~ Pa (the high vacuum degree) is more notice-
able than that for the 4 x 10~! Pa, showing a higher value
of 0.85 at the displacement amplitude of 10 pm. While
with further increasing the displacement amplitude up to
20 pm, fretting wear all enter into the slip regime for all
atmospheres. The friction coefficients under both vacuum
atmospheres start to gradually decrease and then approach
to a steady stage. Combined the XPS results and SEM
images on the worn scars, in GSR there are lots of tribo-
oxides debris formed, which could play a “third-body” role
hence weaking the adhesion effect and decreasing the fric-
tion coefficient. Moreover, the samples under the two dif-
ferent vacuum degrees in GSR show different values in the
friction coefficients, i.e., the sample under the low vacuum
degree of 4 x 107! Pa has a lower friction coefficient than
that under the high vacuum degree of 4 x 10~ Pa, which
could be attributed to the fact that the worn scars under the
low vacuum degree of 4 x 107! Pa has lots of debris formed
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and plays a strong “third-body” effect hence reducing the
friction coefficient, as stated in Ref. [38].

3.4.2 The Fretting Wear Resistance

As discussed above, the contact interface of a sample sub-
jected to fretting wear in the different specific vacuum
environment will create different tribo-chemical state,
which consequently plays a significant effect on the fret-
ting friction coefficient, damage mechanism, and hence
fretting wear resistance. Figures 14 and 15 show the fret-
ting wear volume of worn scar and the two-dimensional
profiles perpendicular to the sliding direction at the center
of worn scars for different fretting run regimes under the
different vacuum environments, respectively. In addition,
in order to benchmark the fretting wear volume under the
vacuum atmospheres, the fretting wear volume under the
air atmosphere as reported in previous work [27] as well
as the resulting profiles of worn scars were also plotted
in Figs. 14 and 15, respectively. It should be noted that
the calculated fretting wear volume is the volume loss
below the baseline of the original surface of samples with-
out involving the pile-ups. Prior to the measurement of
wear loss, the sample after wear test was ultrasonically
cleaned, mainly aiming to remove the debris and pollu-
tions attached on the worn scars. It is also worth pointing
out that, the pile-ups were the main result of the plastic
deformation, which was hardly removed by the ultrasonic
cleaning and is marginal compared to the measured wear
volume in the current paper (as shown in the 2D profiles
of the center of the worn scars in Fig. 15). Therefore, the
volume loss below the baseline of the original surface of
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Fig. 14 The fretting wear volume evolutions of Ti6Al4V titanium
alloy with the displacement amplitude in the different fretting regimes
under different atmospheres (Note: the data points on wear volume in
the 1x 10° Pa was reported in Ref. [27]. and three data points on wear
volume in the 4x 1073 Pa was reported in Ref. [45].)

samples was used as a parameter to rank the fretting wear
resistance. It is clear that, as the displacement amplitude is
less than 5 pm, i.e., in the PSR, the samples have compa-
rable fretting wear volume with a very low value (seen in
the inset of Fig. 14) despite of the different testing atmos-
phere, which is well consistent with the results of the worn
scar profiles as seen in Fig. 15. The wear damage is in
good agreement with the XPS results in PSR (shown in
Fig. 4) in which the tribo-chemical states of worn surfaces
subjected to the different atmospheres are equivalent, i.e.,
mainly composed of TiO, oxide film. According to the
statement above, the dominant TiO, should be originated
from the initial surface of polished sample, which implies
a very mild damage hence leading to a very low fretting
wear volume.

While for the MFR, the fretting wear volume of worn
scars generally decreases with the increase of vacuum
degree. As discussed above, with increasing the vacuum
degree, there are less TiO, oxides formed and hence more
Ti metal exposed on the contact surface (seen in Table 3).
It will enhance the adhesion effect of contact interface
and hence show a higher friction coefficient as shown in
Fig. 13. Given that in MFR the displacement amplitude is
still small and mainly complies with elastic—plastic defor-
mation, the enhancement of adhesion effect will decrease
the relative motion of contact interface, hence reducing
the fretting wear damage. It can also be seen in Fig. 15b
that the samples in the vacuum atmospheres have shal-
lower worn scar profile than that in the air atmosphere.
In addition, the sample under the vacuum atmosphere
seems to present a compacted worn surface, which can

play an effective protection role as stated by Wang [13].
As a consequence, in MFR there is a milder damage at a
higher vacuum degree, and hence the damage under the
air atmosphere is the most serious.

As entering the GSR, the fretting wear volumes of sam-
ples all increase fast with the increase of displacement
amplitude. It is interesting to note that the increase in fret-
ting wear volume for the low vacuum degree (4 x 10~! Pa)
is most noticeable, showing a highest fretting wear volume
and hence a largest depth and width of worn scar (seen
in Fig. 15¢), which is consistent with the SEM images of
worn scars in Fig. 10. In contrast, the fretting wear volume
for the air atmosphere (1 x 10° Pa) is lowest. The order of
fretting wear volume follows 1 X 10° Pa, 4x 1073 Pa and
4% 107! Pa, which is in line with the results as shown in
Fig. 15c. Based on the XPS results of Fig. 6, in the case of
the vacuum atmosphere, there are less content of TiO, (40%)
but more Ti, TiO and Ti,O; produced on the worn surface in
GSR. It indicates that the Ti metal seems to be prone to be
oxidized to Ti,O5 and TiO, especially for the low vacuum
degree (4x 107! Pa) showing a highest percentage of Ti,O,
(18%). As discussed above, for the 4 x 10~! Pa condition, it
might be inferred that the tribo-oxidation layer containing
more Ti,O; products on the top surface of MML seems to
be susceptible to be broken, consequently forming lots of
debris on the worn scar, wich is consistent with the previous
study in Ref. [27]. In general, the debris is considered as the
third body, which can separate the contacting bodies, carry
the load and delay the further deterioration on worn surface
[39]. Actually, however, the role of the debris is determined
by the trad-off between the rate of debris formation within
the contact interface (rate of oxygen input) and the rate of
debris ejection from the contact interface [40, 41]. Accord-
ingly, given that the debris formed under 4 x 10~! Pa condi-
tion were small and loosened (seen in Fig. 10c), they seem
to be easy to be ejected from the worn scar upon subsequent
reciprocating fretting process, hence providing a marginal
protection against fretting wear and even aggravating wear
damage by ploughing upon the brittle debris as stated in Ref.
[12, 42]. As aresult, it shows a highest fretting wear volume
under 4 x 107! Pa condition. While for the air environment
[27], the worn surface was mainly covered by compacted
MML containing TiO, (nearly without Ti,O; and TiO),
which could give a good protection against fretting wear
[13, 43, 44]. Compared to the air atmosphere, therefore,
Ti6Al4V under the vacuum atmosphere presents a higher
fretting wear volume in GSR. The results may also suggest
that for the vacuum environments, the Ti6Al4V is more suit-
able to be used under the high vacuum atmosphere in GSR
under which it could inhabit the formation of Ti,O5. Moreo-
ver, the results above may can be applied to identify the
optimal vacuum condition of Ti6Al4V and hence to tune the
application environment condition or provide the guideline
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Fig. 15 Two-dimensional profiles of the worn scars of Ti6Al4V titanium alloy under different atmospheres in the different fretting regimes: a
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to select the proper fretting regimes by tribological design so
as to optimize the performance of the titanium components.

4 Conclusions

In the present work, an in situ XPS analysis tester was devel-
oped by a self-designed high precision fretting wear tester
integrated with an X-ray photoelectron spectroscopy (XPS)
equipment, aiming to probe the tribo-chemical state of worn
surface of Ti6Al4V titanium alloy under the vacuum atmos-
pheres and study its correlation with the resulting damage
mechanism and fretting wear resistance. On the basis of the
experimental observations and tribo-chemical state analysis,
the following conclusions can be draw:
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2)

The tribo-chemical state of worn scars produced dur-
ing fretting wear process under vacuum atmosphere is
strongly dependent on the fretting regimes, which plays
a significantly different role in determining the wear
damage and hence fretting wear resistance.

In PSR, the worn scars were mainly covered by TiO,
under both vacuum atmospheres, which were domi-
nantly originated from the initial surface of polished
sample, showing comparable levels of very mild dam-
age. In MFR, besides an evident exposure of Ti metal
for the high vacuum degree (4 X 10~ Pa), the tribo-
layers are still mainly consisted of TiO, under both vac-
uum atmospheres, showing dominant adhesive wear,
along with the delamination on the edge of worn scars
in the low vacuum degree (4 X 1073 Pa).
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(3) In GSR, the tribo-chemical products of worn scars are
consisted of TiO,, TiO and Ti,O5, Ti metal, which indi-
cates that Ti metal was prone to be oxidized to Ti,04
and TiO under the vacuum atmospheres, especially for
the low vacuum degree (4 x 107! Pa) having a highest
content of Ti,O5. It might be inferred that the tribo-
layer containing more Ti,0; may seem to be suscep-
tible to be broken during fretting wear process, hence
leading to a highest fretting wear volume in the low
vacuum degree atmosphere (4 x 107! Pa).

(4) Compared to the air atmosphere, the sample in the vac-
uum has a comparable level of fretting wear resistance
in PSR, and better fretting wear resistance in MFR, but
lower fretting wear resistance in GSR.

(5) The results above may also can be applied to identify
the optimal vacuum condition of Ti6Al4V and hence to
tune the application environment condition or provide
the guideline to select the proper fretting regimes by
tribological design so as to allow a best performance
of the titanium component.
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