lubricants

Article

Tribological Properties of the Fast Ceramic Conversion Treated
Ti-6Al-25n-4Zr-2Mo Alloy with a Pre-Deposited Gold Layer

Zhenxue Zhang *'”, Yue Xiao, Chen Liu and Hanshan Dong

check for
updates

Citation: Zhang, Z.; Xiao, Y,; Liu, C,;
Dong, H. Tribological Properties of
the Fast Ceramic Conversion Treated
Ti-6Al-25n-4Zr-2Mo Alloy with a
Pre-Deposited Gold Layer. Lubricants
2024, 12,105. https://doi.org/
10.3390/lubricants12040105

Received: 19 February 2024
Revised: 15 March 2024
Accepted: 21 March 2024
Published: 23 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Metallurgy and Materials, The University of Birmingham, Birmingham B15 2TT, UK;
h.dong.20@bham.ac.uk (H.D.)
* Correspondence: z.zhang.1@bham.ac.uk

Abstract: Ceramic conversion treatment (CCT) is an effective way to modify the surface of titanium
alloys. However, this process normally needs more than a 100-h treatment at 600-700 °C to form a
hard and wear-resistant titanium oxide layer. In this paper, we pre-deposited a thin gold layer on the
surface of Ti-6Al-25n-4Zr-2Mo (Ti6242) samples before CCT to investigate if Au can speed up the
treatment. Treatments at 640/670/700 °C were carried out for 10 or 120 h. After CCT, the surface
roughness, surface morphology, microstructure, elemental composition, and phase constituents were
characterized. Surface hardness and the nano-hardness depth distribution were measured. Finally,
reciprocating sliding tribological tests were carried out to study the friction and wear of the surface
layers. Thin gold layers accelerated the CCT significantly with a much thicker oxide layer. The
friction of the untreated Ti6242 alloy against the WC ball was unsteady and high, but it was much
lower and stable for the CCTed samples pre-deposited with Au because of the formation of titanium
oxides and lubrication effect of the gold particles. The wear resistance of the CCTed Ti6242 alloy
samples with gold was reinforced significantly. By pre-depositing a thin gold layer on the surface of
Ti6242, the treatment time can be cut significantly, and CCT becomes more efficient.

Keywords: ceramic conversion treatment; Ti-6Al-25n-4Zr-2Mo; friction; wear; gold

1. Introduction

Ti-6Al-25n-4Zr-2Mo (Ti6242) is a weldable, near-alpha titanium alloy. Aluminum is an
active o-stabilizing element, while tin works with aluminum for solution strengthening.
Zirconium is also a solid solution strengthener with a neutral influence on stabilizing
phases, while molybdenum is a premier (3-stabilizing element to lower the f-transus
temperature [1]. Ti6242 alloys offer high tensile and toughness properties and exceptional
resistance to corrosion, fatigue, and creep to temperatures as high as 550 °C [2]. The
materials are used extensively in high-tech industries like aerospace and motorsport with
applications including gas turbine components such as turbines, discs, impellers, and
precision racing engine parts [3,4]. However, titanium and its alloys have relatively low
hardness and easily cause seizure in service, and severe adhesive wear and unsteady
friction limit their applications under load [5]. Various surface modification and coating
techniques have been used to reinforce the tribological properties of the titanium alloys,
for example, shot peening [6], thermal spraying [7], plasma nitriding [8], physical vapor
deposition (PVD) [9], chemical vapor deposition (CVD) [10], ion implantation [11], laser
surface modification [12], etc. [13,14]. Oxygen as an alpha stabilizer and a strong interstitial
strengthening element enables its’ role in modifying the surface. Anodic oxidation uses
electrolytes (i.e., sulfuric acid, phosphoric acid, and others) to prepare oxide films on the
surface of the anode titanium alloys. The electric field-driven anodic oxidation promotes
the diffusion of metal ions and oxygen ions, resulting in enhanced adhesion and wear
resistance [15,16]. However, the oxide film formed is often nonuniform and porous. Plasma
electrolytic oxidation (PEO) can produce oxide ceramic-like coatings on metal substrates
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submerged in electrolytes to obtain coatings with high hardness and excellent corrosion
and abrasion resistance. The surface is rough with a two-layer structure and defects, and
normally, further treatment, like laser processing, is needed [17]. As an environmentally
friendly and low-cost technique, ceramic conversion treatment (CCT) aims to improve
the tribological performance of titanium alloys by obtaining a thin and compact oxide
layer backed by an oxygen diffusion zone [18]. However, this process normally needs
more than 100 h of treatment at 600-700 °C to form a hard and wear-resistant titanium
oxide layer. Recently, we developed a fast CCT by pre-depositing a metal layer like gold or
silver to accelerate the CCT of commercial pure titanium (CPTi) and Ti6Al4V to shorten the
treatment time to a few hours to save energy [19,20]. Thanks to its frictional properties and
long-term stability, gold is well-known as one of the most encouraging solid lubricants [21].
Furthermore, gold nanoparticles in the TiO; film can enhance its tribological performance.
Liu et al. found that the TiO, /5 mol% Au nanocomposites prepared by the sol-gel method
demonstrated low friction of 0.09-0.10 against steel balls under the reciprocating friction
test [22]. TiO,/Au decorative thin films fabricated by magnetron sputtering showed a
low sliding friction of 0.15 and excellent wear resistance of 2 x 107® mm?® N~'m~! after a
suitable annealing treatment [23].

Ti6242 has a relatively slow oxidation rate at temperatures up to 700 °C in comparison
to CPTi and Ti6Al4V [24,25]; whether this fast CCT works on Ti6242 alloy is still a question
that forms the theme of this study. We pre-deposited a thin gold layer on the surface of
Ti6242 samples, and CCT was carried out at 640/670/700 °C for 10 or 120 h to investigate if
Au can speed up the treatment. After the CCT treatments, the surface and cross-section
of the samples were characterized, and the mechanical properties, including hardness,
friction, and wear, were evaluated to develop an efficient surface treatment for the Ti6242
alloy to enhance its tribological performance.

2. Materials and Methods

The material used in this project is near alpha Ti-6Al-25n-4Zr-2Mo (Ti6242), as shown
in Figure 1a. The dark areas are alpha grains, and the light phases are rich in Mo, which are
beta phases. The chemical composition of the alloy by atomic percentage is tabulated in the
table in Figure 1b. Ti6242 alloy has an elastic modulus of 109-119 GPa and Poisson’s ratio
of 0.35-0.37. A rod of 32 mm in diameter of Ti6242 was cut and sectioned into 4.5 mm thick
coupons using SiC blades by a Metprep cutting machine rotating at 3000 rpm. Then, the
coupons were ground progressively from 120, 240, 400, and 800 to 1200 grit before being
ultrasonically cleaned in acetone and dried. The gold layer (20-30 nm) was deposited on a
prepared Ti6242 sample using a sputtering coater at 25 mA for 6 min.

Atomic % 1 2
Al 6.84  6.08
Ti 91.54 90.87
Zr 1.14 149
Mo 1.07
Sn 049 049
(b)

Figure 1. As received Ti-6Al-2S5n-4Zr-2Mo sample: (a) microstructure and (b) composition.

CCT was carried out at the temperatures of 640/670/700 °C for 10 or 120 h in an electric
furnace (Elite Thermal Systems Limited, Market Harborough, UK) in the atmosphere with
a ramp rate of 8 °C/min and a furnace cooling rate of 2 °C/min. Details of the sample
codes and their coatings are listed in Table 1.
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Table 1. Sample codes and detailed CCT information.
Code Pre-Deposition Temperature (°C) Duration (h) Ra (um)
Untreated - - - 0.067
U640-10 - 640 10 0.068
U640-120 - 640 120 0.069
Au640-120 Au 640 120 0.135
U670-10 - 670 10 0.081
Au670-10 Au 670 10 0.121
U670-120 - 670 120 0.081
Au670-120 Au 670 120 0.082
U700-10 - 700 10 0.086
Au700-10 Au 700 10 0.084

An XP-200 Plus Stylus 3D profilometer was employed to measure the surface roughness
(arithmetical mean height, Ra) and plot the profile of the tracks after the tribological tests.

After CCT, the sectioned samples were ground and polished to a mirror-like finish
using activated colloidal silica. The cross-section of the sample was etched by Kroll’s
reagent, comprising 2%HF + 6%HNOs3 + balanced water [26]. A JEOL 7000 scanning
electron microscope equipped with an Oxford Aztec energy dispersive X-ray spectroscopy
(SEM/EDX, JEOL, Welwyn Garden City, UK) was employed in observing the surface
morphology and cross-sectional microstructure, measuring the oxide thickness, collecting
elemental information as well as analyzing the wear tracks.

Phase constituents of the samples’ surface were identified by a PROTO AXRD benchtop
power diffraction system (Proto, Crewe, UK), and the diffraction peaks were identified by
an X'Pert HighScore Plus program.

Surface micro-hardness of the untreated and treated samples was measured by a
Vickers indenter under a load of 50 g with a holding time of 10 s (Mitutoyo MVK-H1). The
distribution of nano-hardness along the depth under the oxide layer was measured by a
Micromaterial nano-indenter under a load of 20 mN for 5 s. An ST30 Scratch Tester with a
Rockwell spherical cone tip (Teer Coatings Ltd., Droitwich, UK) was used to evaluate the
adhesion/cohesion strength of the converted ceramic layers. An initial load of 5 N was
applied and increased linearly (10 mm/min) until 60 N.

Tribological properties were tested in a Phoenix TE-79 multi-axis tribology machine.
The reciprocating friction and wear test was executed at a sliding speed of 5 mm/s for
1000 cycles over 5 mm under a load of 20 N against a WC ball (8 mm in diameter). Wear
track contours were plotted using the 3D profilometer mentioned earlier to calculate the
wear areas. Additionally, the morphology and elemental information of the tracks were
further examined by SEM and EDX.

3. Results
3.1. Surface Appearance and Morphology

The gold pre-deposited sample demonstrated a light golden color before CCT and
took on a dark appearance after CCT, as shown in Figure 2. The surface of the untreated
sample turned light yellow-green from a silver metallic color after CCT.

The surface of Ti6242 without a pre-deposited gold layer changed slightly after the
CCT treatment, and the grooves left after grinding can still be clearly seen for all the
treatments even after 120 h treatment at 670 °C, as demonstrated in Figure 3a. EDX analysis
of the composition (Zone 1 in Figure 3a,c) suggested that TiO, was formed on the surface.
For the gold pre-deposited samples, the grinding mark became blurred after the CCT;
there are some particles that can be seen on the surface, as shown in Figure 3b, which are
identified as gold agglomerate (Point 2). These particles were evenly distributed on the
surface, and they grew larger with increased treatment time and temperature.
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Es Au670-10

Y

U670-10

(a) (b)
Figure 2. Ti6242 samples (a) before and (b) after CCT at 670 °C for 10 h.

At% 1 2 3
O 6296 6645 66.02
Al 348 317 334
Ti 3207 2885 293
Zr 074 043 05

Mo 059 039 02
Sn 017 0.1 0.13
Au 0.61 0.5

(©)

Figure 3. Surface morphology change: (a) U670-120, (b) Au670-120, and (c) EDX composition.

3.2. Cross-Sectional Microstructure

After 10 h CCT, a very thin oxide layer was formed on the surface of the Ti6242
samples. It was only 0.1 um when treated at 640 °C and increased to 0.2-0.3 um at 670 °C
(Figure 4a) and 0.4-0.6 pm at 700 °C (Figure 4e). Extending the treatment time to 120 h, the
oxide layer grew to 0.4-0.5 pm at 640 °C and 0.8-1.0 um at 670 °C (Figure 4b). With a gold
pre-deposited layer, the oxide layer became much thicker after the same CCT. For example,
the oxide layer was about 0.5-0.7 pm for Au670-10 (Figure 4b), 1.7-1.9 pm for Au670-120
(Figure 4d), and 0.7-0.8 um for Au700-10 (Figure 4f).

Figure 4. Cross-sectional image of the Ti6242 samples: (a) U670-10, (b) Au670-10, (c) U670-120,
(d) Au670-120, (e) U700-10, and (f) Au700-10.
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As shown in Figure 5a, less beta phase can be seen under the oxide layer, which
is assumed to be an oxygen diffusion zone. Further examination of the cross-sectional
backscattering electron image (BEI) of the CCTed samples suggested that gold particles are
mainly distributed at the near-surface region of the oxide layer (Figure 5b,c). Most gold
particles are nanosized and spread in the oxide layer, while some clusters were also formed,
especially at higher temperatures (700 °C/10 h) or longer treatments (670 °C/120 h).

Figure 5. Cross-sectional image of the Ti6242 samples: (a) Au670-120 (SEI), (b) Au670-120 (BEI), and
(c) Au700-10.

3.3. Surface Phase Evolution

Ti6242 is mainly composed of alpha phases with a small amount of beta phase, as
shown in Figure 6. After CCT, for a short period, oxides started to appear on the surface
(U670-10 and U700-10), but alpha phase peaks were still quite strong. After 120-h treatment
at 670 °C, both anatase and rutile TiO, were formed on the surface, although alpha phases
were still detectable. With a gold pre-deposited layer, only rutile TiO; can be identified
together with alpha phases. The strong alpha phases indicate a shallow oxide layer was
formed on the sample.
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~ = —
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Figure 6. Phase evolution before and after CCT.

3.4. Surface Hardness and Cross-Sectional Hardness Profile

As shown in Figure 7a, all the surfaces became harder after CCT. Untreated Ti6242 had
a surface hardness of HV 95336, and it increased significantly to HV( 05804 after treatment
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at 640 °C for 120 h and HV 51045 after CCT at 670 °C for 120 h. With a gold pre-deposited
layer, although the surface hardness value increased, they were slightly lower than those
CCTed at the same condition. When treated for a short CCT time of 10 h at 670 °C and
700 °C, the surface hardness increase is smaller than that for long-time (120 h) treated
samples. Nanoindentation on the cross-sectional surface helped to define the diffusion
zone of oxygen. As displayed in Figure 7b, short-time treatment (10 h) led to a shallow
hardened zone (oxygen diffusion zone) even when the temperature was raised to 700 °C,
while longer treatment time (120 h) can produce a thick diffusion zone up to 50 um for both
samples with or without gold pre-deposited layer (U670-120 and Au670-120).

11 Au700-10
° o Au670-120
° Au670-10

9 8% moo @ U700-10
o ° © opo 0 U670-120

° g ° 4 U670-10

7 of © ° 4 ° - Untreated

og % © °
8 o ODA 8 ° E ° A

o o A g o©

2 g g g AA g 8 . oo‘. ooA s ©

-A =A Op = o
N 8 ° 8

Nanohardness (GPa)

(o' N

0 10 20 30 40 50 60
Distance from the interface (um)

(b)

Figure 7. (a) Surface microhardness before and after CCT, (b) cross-sectional nano-hardness profile
under the oxide layer.

3.5. Scratch Resistance of the Oxide Layers

As the Rockwell spherical cone tip was applied on the surface of the oxide layer,
friction force increased with the load gradually and smoothly for both samples of U670-120
and Au670-10 (Figure 8). The friction force jumped at a load of 45 N for U670-120 and
about 50 N for Au670-10. The bottom of the scratch was smooth for the sample Au670-10
but with a lot of transverse cracks for U670-120, indicating the oxide layer was brittle. More
chips can be found along the scratch for sample Au670-10, suggesting that there was a
brittle superficial layer.

35
U670-120

30

25

20

15

Friction (N)

10

5

0

0 10 20 30 40 50 60 70
Load (N)

Figure 8. Scratch test on the oxide layer formed on samples U670-120 and Au670-10.

3.6. Tribological Properties

As shown in Figure 9, the Coefficient of Friction (CoF) for the untreated Ti6242 sample
started at about 0.4 and fluctuated in the whole test range between 0.2 and 0.5. All the
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CCTed samples had a low friction in the beginning. For those samples without a gold
pre-deposited layer, the initial CoF was low at about 0.1, and it climbed up quickly after
a few tens of cycles. The CoF soared to more than 0.5 after 100 cycles for U640-120 and
remained relatively stable until about 800 cycles before escalating further to just under 0.6.
The friction for U670-10 rose relatively fast in the first 300 cycles and slowed down until
about cycle 800 and then oscillated in a large range between 0.2 and 0.6 in the last 200 cycles.
The CoF for U700-10 surged to 0.6 at about cycle 300 and then fluctuated between 0.3 and
0.6 till the end of the test. The CoF of U670-120 climbed steadily in the first 800 cycles before
an unstable swinging. The early CoF of gold pre-deposited samples was slightly higher
than that of the CCTed samples without gold, but it grew slightly from 0.1-0.2 to 0.2-0.3
and maintained relatively stable in the whole test range, especially for sample Au670-120.

08 -
0.7 -
U700-10
5 06 - B 2 4% o U640-120
S - U670-10
S 05
= x U670-120
S o OO a
o SR o Untreated
§oa s T
S 5«&? oS E. féé@& $50 %%g%ooéé%%oooo Au670-10
@ #ﬁo =0 Ooocooc?@oo O(?% @OO%%O%@%E
S o3 g%y &7 Eafos pefg 0 o S TR L AUT00-10
O 52 A
= o 0-208%° o 2" Au 640-10
0.2 * Au670-120
0.1
O T T T T T 1 c cles
0 200 400 600 800 1000 v

Figure 9. CoF change of the Ti6242 samples against an @8 mm WC ball.

After the friction test, the wear tracks were plotted by a profilometer, and the repre-
sentative wear tracks were displayed in Figure 10. After the 1000-cycle reciprocal test, a
much wider and deeper track was created for the untreated sample as compared with that
for all the CCTed samples. Clear tracks were also scraped on the surface of the samples
U670-120 and U700-10. As shown in Figure 11a, deep scuffs were abraded on the surface of
sample U700-10, while a crater of similar size was rubbed down on the counterpart WC
ball. The surface of the gold pre-deposited sample was only scratched slightly to reveal
shallow trails (Figures 10 and 11b).

The wear tracks were analyzed by SEM and EDX, as displayed in Figure 12. Deep
abraded grooves, together with adhesive and oxidative areas, were formed on the surface
of the untreated sample. An uneven track with grooves and oxide debris particles was
formed on sample U670-10, while a very smooth track was formed on sample Au670-10.
The composition change in the track is summarized in Table 2.



Lubricants 2024, 12, 105 8 of 12

Au670-120
10 Au700-10
Au670-10
e J670-120
5 ——U700-10
— Untreated
E o
=2
s 0 1000
§' -5 Distance (um)
-10
-15
-20

Figure 10. Selected track profile after the tribological test.

(a) (b)

Figure 11. Wear tracks (top) and ball crater (bottom) created in the tribotest: (a) U700-10 and the
counterpart ball crater, and (b) Au700-10 and the counterpart ball.

grooves

x 7 track

10 um

(a) (b) ()

Figure 12. Wear track: (a) untreated, (b) U670-10, and (c) Au670-10.
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Table 2. EDX identification of elemental information at different locations of the track.
Atomic % (@) Al Ti Zr Sn Mo A\ Au
U d 1 1.9 6.61 88.86 1.36 0.5 0.77
ntreate 2 3.87 8.32 86.02 1.16 0.48 0.11
3 5.89 5.98 85.85 1.19 0.61
U670-10 4 14.21 6.18 77.11 1.24 0.48 0.72 0.06
5 25.54 5.09 67.97 0.89 0.38 0.13
6 40.59 3.71 53.01 1.12 0.31 0.55 0.71
Au670-10 7 39.21 3.64 55.65 0.33 0.27 0.09 0.72

4. Discussion

Titanium alloys oxidize in air at elevated temperatures, which results in the simul-
taneous formation of an oxide (TiO;) scale on the surface and an oxygen-rich diffusion
zone beneath the scale (Figure 5a), which is due to the high solid solubility of oxygen
in a-titanium (i.e., 14.5 wt.% [27]) and high affinity of titanium to absorb oxygen, which
instantaneously reacts and stabilize the « phase. In our previous study, we found that the
gold layer on the surface promoted the outward diffusion of Ti atoms to react with oxygen
and accelerate the ceramic conversion process, especially at the beginning period [20,28].
Gold has a multi-oxidation state, and the gold atoms are preferentially attached to ti-
tanium atoms over oxygen atoms, which assists in the formation of a strongly bonded
oxygen/transition-metal system, which can boost their reactivities [29]. In the initial stages,
the existence of gold and its high activity greatly increased the titanium atoms” outward
diffusion through the clearance among gold particles to react with the incoming activated
oxygen atoms and thus resulted in the early increase in the oxidation rate of Ti6242. As the
oxide layer grew thicker, the outward diffusion of the titanium atoms became harder, and
the inward diffusion of oxygen atoms/molecules dominated the oxidation process which
induced a slower oxidation rate. Gold was mainly found in the superficial layer of the
oxide, as shown in Figure 5b,c. Gold clusters in oxides had high catalytic activity [30,31].
These clusters and the scattered nanosized gold particles in the superficial layer promote
the absorbance and dissociation of oxygen molecules, increasing the oxidation rate. As
evidenced in Figure 6, except for sample U670-120, only rutile TiO, phases were detectable
on the surface, especially for the gold pre-deposited samples. This agreed with the findings
of Debeila et al. that gold nanoparticles boosted the transition of anatase to rutile [32].

Compared to Ti-6Al-4V, Ti-6Al-25n-4Zr-2Mo alloy presented lower reactivity, and
a thinner oxide layer and alpha case were formed on Ti-6242 when isothermally held at
593 °C for 200 h [24]. After 500 h, the thickness of the oxide scale increased to 600 nm, and
a 4-5 um thick oxide layer was formed after 500 h at 700 °C. However, the long treatment
time led to a porous oxide layer [25]. The increased oxidation resistance might be due to
the addition of alloying elements like Mo or Si, which enhance the oxidation resistance of
titanium alloys [33,34].

Oxygen increases the hardness by solid solution strengthening, and the hardness
values are directly proportional to the oxygen concentration present in titanium and its
alloys [35]. The so-called alpha-case is a continuous and hard layer with high oxygen
content, which may affect the mechanical properties of the alloy [36]. As shown in the
nano-hardness profile in Figure 7b, the hardness gradually decreased from the surface
towards the bulk, and the hard oxygen diffusion zone increased with temperature and
treatment time. Similar work was reported for the change in the thickness of the alpha case
in the temperature ranges of 500-700 °C for 5-500 h [25].

A wide and deep scuffed track was produced on the untreated Ti6242 sample with the
highest wear rate, and the plastically deformed grooves and ridges led to unstable friction
(Figures 9-12). This was mainly due to the abrasive ploughing of the hard WC ball into the
relatively soft Ti6242 substrate. WC-Co cemented carbide ball has a hardness of HRA 88-90
(equivalent to HV 1100-1200), which is much harder than that of Ti6242 (HV ¢5336) [37].
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Additionally, delaminated platelets, adhesive material, and oxidative areas were detected
in the track (Figure 12a). Heilig et al. found a similar wear mechanism when Ti6242 slid
against an AISI E52100 steel ball in a pin-on-disc test [38,39].

The existence of a titanium oxide layer led to a steady CoF for all the CCTed samples,
especially at the run-in period due to the hardened surface (Figure 7a). This was because the
adherent and compact thin oxide layer decreased the adhesive action of metal/ceramic con-
tact (Ti/WC), notably as a result of the nature of the ceramic/ceramic contact (TiO, /WC),
thus lowering the friction [18]. The maximum Hertzian contact pressure of the WC ball with
the untreated Ti6242 was about 1425 MPa, which increased to 2116 MPa for the ceramic-
converted surface. Once the oxide layer was cut through, a mixed abrasive and adhesive
wear resulted in a sharp rise of CoF, as shown in Figure 9 for all the CCTed samples without
gold. A thick layer and hard diffusion zone like U670-120 (Figure 7b) may help delay the
increase, but the destruction of the oxide layer and the hard ceramic debris generated in
the test led to unstable friction at the end of the test.

Although the initial CoF of the gold pre-deposited and CCTed Ti6242 samples was
slightly higher than those CCTed samples without gold, the friction only increased slightly
and remained stable till the finish of the test (Figure 9). As shown in Figure 4b,c, the gold
particles scattered in the near-surface region after CCT acted as a solid lubricant to reduce
the friction in the test. In the end, enough gold particles can still be detected in the track
(Figure 12c), suggesting the lasting lubrication of gold in the whole process. Gold particles
could self-restore under the applied load thanks to their low shear strength even if a local
failure occurred in the TiO, layer, therefore decreasing the friction and enhancing the wear
resistance in a sliding test [22]. The CoF of the thin TiO, / Au layer was reduced to 0.16-0.23
against bearing steel in a reciprocating tribotest [23].

Table 3 summarizes the detailed information about all the samples, including surface
roughness, oxide layer thickness, the CoF at different stages (cycle 1, 400, and 1000) and
the average CoF, the final wear track width, depth, surface area, and the counterpart ball
worn crater diameter. The oxide scales formed in the current study are all quite dense
and compact as their thickness is lower than 2 um due to the relatively short treatment
time and temperature. For a treatment at a higher temperature, such as 700 °C, the
oxide showed poor adherence to the metal substrate after 500 h [25]. Spallation of the
oxide layer was also observed in the samples heat-treated at 700 °C for more than 200 h
exposure time. Normally, titanium alloys need aging or annealing treatment after working
to relieve stress and homogenize the microstructure, and the lower temperature and short
treatment duration will avoid the detrimental effect on mechanical properties like fatigue
or strength [40]. With the assistance of gold, a 10-h treatment (Au670-10) can generate an
oxide layer with better tribological performance than that of the 120-h treatment (U670-
120, without any gold pre-deposition) and thus greatly improve the efficiency of ceramic
conversion treatment.

Table 3. The statistical data for the tribological test (CoF1 denotes as CoF at Cycle 1).

Ra Oxide Track Deoth Area Ball Crater Average

Sample Thickness Width P . Diameter ~ CoF1  CoF400 CoF1000 8
(um) (um) (um?) CoF

(um) (um) (um)

Au700-10 0.0841 0.7-0.8 292 0.4358 34.5 238 0.16 0.30 0.35 0.25
U700-10 0.0862 0.4-0.6 578 10.2171 2893.1 590 0.10 0.44 0.70 0.42
Au670-120 0.0821 1.7-19 307 0.2407 27.6 239 0.17 0.23 0.23 0.23
U670-120 0.0809 0.7-0.9 336 6.8214 932.4 351 0.15 0.37 0.54 0.36
Au670-10 0.1211 0.5-0.7 282 0.4024 62.9 225 0.18 0.28 0.30 0.26
U670-10 0.0806 0.2-0.3 542 9.5224 2296.8 560 0.11 0.21 0.50 0.44
Au640-120 0.1352 1.3-1.5 321 0.3982 79.3 230 0.11 0.22 0.25 0.22
U640-120 0.0687 0.4-0.5 345 6.543 873.3 353 0.10 0.27 0.41 0.46
Untreated 0.0668 N/A 696 16.0386 5517.9 726.8 0.26 0.32 0.41 0.34
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5. Conclusions

In this study, we found that a thin 20-30 nm thick gold layer accelerated the ceramic
conversion treatment of Ti6242 alloy significantly at temperatures of 640, 670, and 700 °C,
and the thickness of the ceramic oxide layers was almost doubled with the assistance of
gold. Gold nanoparticles and clusters were found in the surface region and spread in the
oxide layer after CCT. When treated under the same CCT conditions, the surfaces of CCTed
Ti6242 without gold pre-deposition were harder than those samples with a pre-deposited
gold layer. The oxide layer with gold had a similar adhesion and cohesion in the scratch
test. They had low and stable friction and very small wear scars thanks to the hard ceramic
TiO; layer and the lubrication of incorporated gold nanoparticles and clusters in the dense
titanium dioxide layer. By pre-depositing a thin gold layer, the efficiency of the ceramic
conversion treatment of Ti6242 alloys improved remarkably.
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formal analysis, Z.Z., Y.X. and C.L.; investigation, Z.Z., Y.X. and C.L.; writing—original draft prepara-
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