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Abstract: Zr and its alloys are widely used in multiple areas, including the nuclear and medical fields.
Previous studies indicate that a ceramic conversion treatment (C2T) of Zr-based alloys can address
the issues of low hardness, high friction, and poor wear resistance of Zr based alloys. This paper
introduced a novel catalytic ceramic conversion treatment (C3T) to Zr702 by pre-depositing a catalytic
film (such as silver, gold, platinum, etc.) before the ceramic conversion treatment, which efficiently
promoted the C2T process, in terms of reduced treatment times, with a thick, good quality, surface
ceramic layer. The formed ceramic layer significantly improved the surface hardness and tribological
properties of Zr702 alloy. Compared with conventional C2T, the C3T technique provided two orders
of magnitude reduction of wear factor and reduced the coefficient of friction from 0.65 to <0.25.
Among the C3T samples, the C3TAg and the C3TAu samples have the highest wear resistance and
lowest CoF, mainly due to the self-lubricant formation during the wear processes.

Keywords: ceramic conversion treatment; wear resistance of Zr702; catalytic films

1. Introduction

Zirconium (Zr) and its alloys have found applications in the nuclear, chemical, and
medical industries due to their excellent corrosion resistance, low coefficient of thermal
expansion (CTE), high melting points, non-toxicity, and relatively good biocompatibility.
However, Zr and its alloys are characterised by low hardness, high friction, and poor wear
resistance, which have limited the wider applications of Zr and its alloys in the above-
mentioned fields [1-4]. Some surface engineering methods, such as vapour deposition
(PVD and CVD), ion implantation, laser treatment, etc. [5-8], have been explored to improve
the tribological properties of Zr and its alloys. However, laser treatment ends up with very
rough surfaces, and costly post-machining is essential [9]. Other treatments are unable
to produce high load bearing capacity. This is because the ion implanted layer is very
thin (within several hundreds of nanometres) [10] and the egg-shell effect was frequently
observed for PVD and CVD hard ceramic coatings on soft Zr and its alloys under medium
to high load [11]. Some researchers investigated nitriding of Zr alloys [12], but distortion at
high treatment temperature and very thin treated layers are the major technical barriers.

Therefore, a special surface ceramic conversion treatment (CCT) based on thermal
oxidation has been developed [13]. Under optimal treatment conditions, a dense ceramic
surface layer can be converted from the Zr matrix, which significantly improves the wear
and corrosion resistance of the Zr alloys. However, a relatively long processing time
(50200 h) is needed to obtain a reasonably thick ceramic layer for tribological applica-
tions [2], which is excessively energy consuming and inefficient for industrial production.

Recently, Zhang et al. [14] found that a pre-deposited thin gold layer could greatly
speed up the CCT process of Ti6Al4V. The treatment time can be greatly reduced from
60-80 h to only 8-10 h at 620 °C to generate a compact and hard surface oxide layer with
excellent tribological properties. Moreover, Alexander et al. [15] discovered that a co-
deposited layer of Ag/Pd on titanium fixation pins accelerated the formation of a good
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quality surface oxide layer on their complex surfaces in 5 h, which well-outperformed the
untreated pins, in terms of reduced drilling force and antibacterial efficacy.

As zirconium is in the same periodic group as titanium and possesses the same
crystal structure with similar chemical properties and industry applications, it is naturally
interesting to investigate whether pre-deposition elements have the same accelerating effect
on forming good quality oxide layers on zirconium and its alloys for improved tribological
performance. However, there has been no report in the literature, and there is a knowledge
gap on applying such techniques on zirconium-based alloys, and the optimal conditions
(i.e., most effective pre-deposited layer, treatment temperatures, and treatment duration)
for the C3T technique are yet to be found. Therefore, it is scientifically interesting and
technologically important to explore the feasibility for accelerating the CCT process for Zr
and its alloys by pre-deposited selected elements to obtain a high-quality oxide layer for
combating the wear of Zr and its alloys. The purposes of this paper are: (a) to study the
effect of pre-deposited metal films on the ceramic conversion treatment of zirconium alloys;
(b) to study the microstructure and evaluate tribological performance of the converted
surface oxide layers, and (c) to discuss the possible catalytic effects on the fast growth of
the oxide layer on zirconium alloys.

2. Materials and Methodologies
2.1. Materials and Sample Preparation

Commercial grade Zr702 was used as substrate material, and the chemical composition
from the supplier’s specification is listed in Table 1. The specimens were cut from Zr702 bar
of 24 mm diameter using a precision cut-off machine (Struers, Rotherham, UK, Accutom-50)
to coupons of 4.5 mm in thickness. The samples were ground with abrasive SiC papers
from grades 240 to 1200 and cleaned with soapy water and acetone in an ultrasonic bath
between every grinding step.

Table 1. The chemical composition (wt.%) of Zr 702 alloy.

EleIIleIlt f F Cr O max
7y + Hf max H , max e+ , Max C/ max ’
Materlal

Zx702 99.2 4.5 0.20 0.05 0.16

Catalytic ceramic conversion (C3T)-treated coupon samples were cut perpendicular to
the treated surface and mounted with conductive Bakelite for cross-sectional layer structure
observation. The mounted samples were ground from 240 to 2500 with abrasive SiC papers
and then polished with a MD-Mol polishing cloth with 3-micron diamond suspension
applied. The final polishing was completed using activated collodial silica on an MD-chem
polishing cloth.

2.2. Pre-Deposition of Thin Metal Films

A thin layer of silver (Ag), vanadium (V), or palladium (Pd) was deposited on the
samples prepared via physical vapour deposition, using closed-field unbalanced magnetron
sputtering ion plating equipment (Teer Coating Ltd., Worcestershire, UK) with a bias current
0.2 A (for Ag, V, and Pd targets) for 180 s. The gold coating was obtained using a sputter
coater (Emscope SC 500, Hertfordshire, UK) with a current of 25 mA for 180 s. The thickness
of the pre-deposition layer was controlled to be in the range of 300-350 nm.

2.3. Ceramic Conversion Treatment

The Ag, V, Pd, and Au pre-deposited and uncoated samples were ceramic conver-
sion treated in a muffle furnace (Elite Thermal Systems Limited, Leicestershire, UK) at
set temperatures of 450, 500, 550 and 600 °C for 10 h. As introduced in Section 1, the
pre-deposition metal elements are used to accelerate the surface oxide layer formation
(i.e., catalytic effect); therefore, it is coded as C3T (catalytic ceramic conversion treatment)
for the samples with pre-deposition of a metal film. The heating ramp rate was 8 °C/min,
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and when the treatment was finished, the samples were cooled down within the furnace.
The treatment conditions and the designated sample code for all samples are summarised
in Table 2. The original untreated samples, named as Unt, and the sample treated with no
pre-deposition of metal film, named as C2T, are in the table for comparison.

Table 2. Treatment conditions and sample codes.

Sample Code Pre-Deposition Temperature/°C Time/Hour
C3TAg Ag 450, 500, 550, 600 10
C3TV A% 450, 500, 550, 600 10
C3TPd Pd 450, 500, 550, 600 10
C3TAu Au 450, 500, 550, 600 10
c2T None 450, 500, 550, 600 10
Unt - - -

2.4. Microstructure Characterisation and Property Evaluation

The surface morphology and cross-section microstructures and the corresponding
chemical compositions of all treated samples were studied with SEMs (FEI Quanta 3D FEG
FIB-SEM, Hillsboro, OR, USA, and Hitachi TM-3030, Tokyo, Japan) equipped with energy
dispersive X-ray spectroscopy (EDX). The thickness of formed surface oxide layer was
measured from the SEM cross-sectional images, and the average value of five measurements
for each sample is reported. X-ray diffraction (XRD) scans were carried out on all the
samples using a Proto AXRD (Wroctaw, Poland) with a Cu target (Ka = 0.154 nm) at a
scan rate of 0.03° /s, and the collected XRD data were analysed using HighScore software
(Malvern Panalytical Ltd., Malvern, UK) with PDF [16] for phase identification.

The surface roughness, R, (arithmetic average roughness) and R; (data points range),
was measured before and after the treatments using an Ambios XP-200 stylus profilometer,
and the average values of three measurements of 600 pm were reported. A Mitutoyo
MVK-H1 Vickers microhardness tester (Japan) was used to measure the surface hardness
of the samples with a load of 50 g and 100 g (a few were at 25 g for comparison), and the
average value of five indents are reported.

A phoenix TE-79 multi-axis tribology (UK) machine was used to evaluate the friction
behaviour of the treated samples, compared with the untreated ones. The dynamic coeffi-
cient of friction for treated and untreated samples were measured with a tungsten carbide
ball (8 mm in diameter) as the counterpart, under a normal load of 20 N, a sliding stroke of
5mm, and a sliding speed of 5 mm /s for 1000 cycles. Wear tests were performed on a home-
made reciprocating sliding wear tester with a tungsten carbide ball counterpart (12 mm in
diameter), under a normal load of 21 N, for 3600 cycles with sliding stroke of 5 mm. Wear
tracks were probed by the Ambios XP-200 stylus profilometer, three 2D scans across the
wear tracks perpendicular to the sliding direction were measured, and the average wear
area, volume, and rate were calculated. Further SEM observation and EDX analysis on the
wear tracks were taken to investigate the wear features and mechanisms involved.

3. Results and Discussion
3.1. Catalytic Effect as a Function of Treatment Temperature

The selected treatment temperatures were between 450-600 °C to avoid degradation
of bulk properties and break away of the formed oxide layer at high temperatures [17].
Figure 1 shows the surface layer thickness of the samples with pre-deposited elements as a
function of different C2T temperatures for a constant treatment time of 10 h, compared with
no pre-deposition samples. It can be seen that the samples with pre-deposited elements
(C3T) formed a thicker surface oxide layer than the samples without pre-deposition of
metal films (C2T), and the extent of the thickening effect is both element- and treatment
temperature-dependent.
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Figure 1. Surface oxide layer thickness of C2T 10 h processed samples with and without pre-deposited
metal elements at different temperatures.

It is clear that, when treated under the same temperature, the pre-deposition of these
metal films can promote the formation of the surface oxide layers, showing a catalytic effect.
When treated below 550 °C, the thickness of the formed surface oxide layers for the C3T
samples are relatively thin and most of them are less than 3 um (except for V pre-deposited
sample, which is slightly over 3 pm). When samples were treated at 550 °C, Ag, Pd, and V
pre-deposition effectively increased surface oxide layer thickness to 5.8, 4.7, and 4.2 pm,
respectively, which is 2.5, 2.0, and 1.8 times the oxide layer thickness of C2T samples. The
Au pre-deposited samples showed relatively less increase in the thickness of the surface
oxide layer, as compared with the other pre-deposited samples when treated at 500 and
550 °C. When the treatment temperature increased to 600 °C, the pre-deposited elements
increased the surface layer thicknesses to a larger extent, about 5.3-6.3 um, which is a
96-133% increase of the surface layer thickness than the C2T treated samples.

Although the microstructures and tribological properties were investigated for all
the treated samples, only the 600 °C 10 h treated samples are reported in the following
sections, considering the load bearing capacity requirement for most demanding industry
tribological applications.

3.2. Surface Morphology and Roughness

As shown in Figure 2, the Unt sample surface is covered by grinding traces, while all
the treated surfaces revealed characteristic features related to the pre-deposition conditions.
For the C2T sample, patches of lumps presented on the surface and the original grinding
traces are still visible. The surface of C3TAu sample is covered with equal-axial fine particles
with a diameter of 200400 nm and a few big particles in the diameters of 0.8-1.1 um.
Extremely fine particles with sizes of 150 nm in diameter are evenly presented on the surface
of the C3TPd sample. For the C3TV sample, multi-directional needles in the length of 5 um
formed on the surface, which could be the vanadium oxide identified in the XRD analysis
(for detalils, see Section 4.2). Deposited silver particles were agglomerated to columnar-
dendrite-like grains with lengths of 50 and widths of 10 um after the C2T treatment.
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Figure 2. SEM images showing surface morphology of the samples with pre-deposited elements, as
shown in the figure, after C3T at 600 °C for 10 h, compared with the untreated sample (Unt) and the
sample treated with no pre-deposition layer (C2T).

The surface roughness values, in terms of R, (arithmetic average roughness) and
Rt (maximum and minimum data points range), of the treated samples are presented in
Figure 3, together with the untreated sample for comparison. It can be seen that all the
treated samples showed increased Ra values, as compared with the Unt sample. It is also
revealed that, except for C3TAg, all other C3T samples are only slightly rougher than the
C2T sample.
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Figure 3. The average Ra and Rt values of the samples after ceramic conversion treatment at
temperature 600 °C for 10 h, with and without pre-deposition element, as indicated, compared with
untreated substrate sample.

Big contrasts in Rt values, 4.11 and 0.34 mm, were observed for the C3TAg and C3TV
samples, respectively. It implies that the observed columnar-dendrite-like grains (Figure 2)
on the C3TAg sample may have protruded from the surface of the samples. While, for the
C3TV sample, the observed needle-shaped vanadium oxides are finely dispersed on the
surface and filled the valleys of the grinding grooves (Figure 2), as the Rt of 0.34 is only
one fifth of the Rt for C2T (1.81, Figure 3). The C3TPd and C3TAu samples showed slightly
increased Rt values, as compared with that for the C2T sample, which might be related to
the small particle sizes of the PdO (identified in XRD analysis, see Figure 4) and gold on
the surfaces of the samples (Figure 2).
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Figure 4. XRD analysis of the samples after the C2T and the C3T process, samples treated at
temperature 600 °C for 10 h.
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3.3. Surface Layer Structure

The XRD patterns of the C2T and C3T samples after 600 °C 10 h treatments are shown
in Figure 4. Characteristic peaks of m-ZrO,, marked with dash lines in Figure 4 at 20
positions of 24°, 28.2°, 34.3°, etc., were identified for all the samples, while the «-Zr peaks,
marked with double dot dash lines, were detected from the samples with thin surface
layers, such as C2T and C3TAu samples. The C3TV sample showed the formation of a
vanadium pentoxide (V,05) phase, as evidenced by an apparent peak of (001) at 26 20.7°.
A peak around 26 positions of 34° was identified as (101) of PdO phase for the C3TPd
sample. Two phases related to Ag,O and pure silver were identified for the C3TAg sample,
as indexed in Figure 4. The EDX analysis on the dendrite-like grains revealed a O/Ag
ratio of 1/8 (see Figure 5f), which may indicate that these dendrite-like grains would be
composed of Ag and Ag,O phases. For the C3TAu sample, a (111) peak of fcc gold phase
at 20 of 38.2° was identified.

ODZ

Sample Spectrum (o] Zr Hf | Ag | Pd | V | Au
1 21.71176:2|2:1
c2r
2 1.9 |95.1] 3.0
1 114 (4.2 (0.1 |81.4
C3TAg
2 26.8 (74.2( 1.4 | 0.1
1 26.9|70.1| 1.4 1.6
C3TPd
2 19.1 | 789 1.4 0.6
1 30.8 |65.5| 1.8 1.9
c3T1V
2 18.8 |79.4| 1.7 0.1
1 13.3 [68.9( 1.5 16.3
C3TAu
2 183 (79.5( 1.4 0.8

Figure 5. The SEM images of the surface layer structure for samples of (a) C2T; (b) C3TAg; (c) C3TPd;
(d) C3TV; (e) C3Tau; and (f) EDX analysis of (a—e) samples from position 1 and 2, as denoted,
compositions are in wt.%.
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Cross-sectional SEM images of 600 °C 10 h treated samples are shown in Figure 5. It
can be seen that all C3T samples developed a thicker surface layer than the C2T sample,
and their interfaces between the oxide layer and the substrate revealed a wave feature.
An oxygen diffusion zone (ODZ) was observed for all treated samples underneath the
oxide layer, as exemplified in Figure 5d. The EDX analysis at the outermost surfaces
(except for C2T, but with a position in substrate) and within the oxide layers are shown
in Figure 5f. It reveals that, after the treatment, the content of pre-deposited element, Pd
and V, is moderately higher on the outermost surface than in the oxide layer. While for
pre-deposited element of Ag and Au, EDX analysis detected a higher content of 81.4 and
16.3 wt.% at the outermost surface, respectively, which indicated the agglomeration of Ag
and Au on the surface during the C3T process, as shown in Figure 2, as dendrite-like grains
for C3TAg and granular grains for C3TAu samples.

3.4. Hardness and CoF

Figure 6 plots the surface Vickers hardness of 600 °C/10 h-treated samples, measured
under the loads of 0.1, 0.05, and 0.025 kg, compared with the untreated sample. The results
show that the ceramic conversion treatments produced a surface hardened layer with a
surface hardness between 950 to 1400 HV. The low hardness values shown in Figure 6 are
the reflection of the surface layer thickness and the load applied for the measurements.
It can be seen that the thinner the surface layer formed, the lower the surface hardness
measured with heavier loads, such as 400 HV0.05-0.1 for C2T sample with a surface layer
less than 4 um, and 580 HVO0.1 for the C3TAu sample with a surface layer less than 5.5 um.
Further reducing the load to 0.025 kg, a high value of 1000 HV0.025 was gained for the C2T
sample. C3TV and C3TPd samples show extra surface hardness of 1380 and 1280 HV0.05,
respectively, denoting the hardness contribution from the oxide of V,05 and PdO formed
on the surfaces (Figures 2 and 4).

mHV0.05 mHVO0.1

A
-
AT

-

S

R I TE T
SR e it
S B

H
L \“?!"‘
AXSAE

N

¥

Unt C3TAg C3T1V C3TPd C3TAu c2T C2T(25g)

Samples

Figure 6. Surface hardness of C2T- and C3T-treated (600 °C, 10 h) samples, in comparison with
untreated sample.

The dynamic curves of the coefficient of friction (CoF), with the WC ball as the
counterpart at a load of 20 N for the Unt, C2T, and C3T samples, are presented in Figure 7.
The CoF of the untreated Zr702 sample was around 0.15 at the beginning, gradually
increased to 0.68 after 400 cycles, and remained steady within the test duration. All ceramic
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conversion treated samples showed a significantly reduced CoF, to a 0.15-0.27 range,
although C3TPd and C3TV showed high values within the 100 and 450 cycles, respectively.
This phenomenon could be caused by the high surface hardness of these samples, which
will be discussed in Section 3.5.

0.8

Coefficient of friction

0 200 400 600 800 1000

Cycles

Figure 7. Dynamic Coefficient of Friction (CoF) curves for all C3T samples under the normal load of
20 N, compared with the C2T and Unt samples.

3.5. Wear Resistance

Wear factors of treated and untreated samples against a WC ball counterpart at 21 N
are shown in Figure 8. Under the current wear conditions, the C3T samples significantly
increased the wear resistance of the Zr702 material with a wear factor about two orders
of magnitude lower than that of both C2T and Unt samples. Between the C3T samples,
a marginally increased performance of the wear resistance was observed in the orders
of C3TV, C3TPd, C3TAg, andC3TAu. The SEM observations on the wear tracks of Unt
samples revealed a typical adhesive wear feature, as well as the galling and tearing of the
Zr materials.

The C2T-treated samples experienced severe wear, which was even marginally worse
than Unt’s performance. As evidenced in Figure 9a, there is a large number of wear
debris in the wear tracks and a few numbers of furrows with great depth. This is because
the thin surface oxide layer was easily removed during the reciprocating sliding process,
which could then act as the third body to abrasively wear off the relatively soft substrate
materials excessively.

The wear tracks of C3T samples showed different morphologies to that of the Unt and
C2T samples. Generally, shallow and flat wear tracks (Figure 8b) with few debris and mild
furrows were observed, as exemplified in Figure 9b,c for all C3T samples. Moreover, some
different features related to the pre-deposited elements were observed on C3T samples.
It was found that the wear tracks of C3TAg were partially covered with black patches
and a typical morphology is shown in Figure 9b. The EDX analysis in the black patch
areas revealed a high content of Ag and W. This implies that, during the sliding process,
surface dendrite particles, such as Ag and AgO,, protruded from the surface, as described
in Section 3.2, and were worn off by the WC ball first, and then compacted between the
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contacting parts after a series of cycle processes, thus forming a self-lubricating film mainly
consisting of soft Ag.

10,000.0

F4392.74—4950.71

1,000.0

100.0 J 4020 89-63

:[ 46.70——3g o7
=S I
10.0 A I
1.0

Unt C2T C3TAg C3TV C3TPd C3TAu

Wear factor, m3/N-m (X10-6)

Sample code

(a)

20

Au

——C2T —Ag —V ——FPd

10

Wear track depth from surface, um
L
(@]

Wear trck width, pm
(b)

Figure 8. (a) Wear factors and (b) 2D wear track profiles of untreated and 600 °C10 h treated samples
with and without pre-deposition layers (inserted details of the enlarged wear tracks of C3TV and
C3TAu samples).

In the meantime, the asperities on the WC ball played a ploughing effect on the
exposed ZrO; hard surface, as evidenced in Figure 9b, with spectrum 3 showing high Zr
and O. As the hardness of the tribo-pair is similar, HV1328 for WC-CO and HV1350 for
ZrO; [18], when silver or silver oxide were worn out, the asperities on the ZrO, surface
were ploughed against the WC ball, and the debris were imbedded in the self-lubricating
silver rich black patch/film during the sliding cyclic processes, thus reducing the wear
damage of these third-body particles to the surface of the C3TAg samples.



Materials 2023, 16, 1763 11 of 14

WD tilt HV det |————300 ym
x |10.7 mm|-0°|10.0kV |ETD University of Birmingham_KP

mag O tilt HV [ O e — e — mé WD tilt 2\% L O —L 0 V11

500 x mm -0 °| 10.0 kV | ETD University of Birmingham_KP 500x |10.7 mm|-0°|10.0kv |ETD University of Birmingham_KP

Sample |Spectrum| O Zr |Hf| Ag | V |Au|l W
Cc2T 1 1.0 |97.4(1.6 0.0

2 7.7 | 7.2 |0.5|65.6 19.0
C3TAg

3 18.0(78.3(2.0| 0.2 1.5
C3TV 4 22.4154.1|1.8 2.5 19.2
C3TAu 6 19.0|68.0(1.7 2.8| 8.5

(e)

Figure 9. SEM images of wear tracks taken from samples (a) C2T; (b) C3TAg; (c) C3TV; (d) C3Tau;
and (e) EDX spots chemical analysis (wt.%) in the wear tracks as indicated within (a—d).

Similar, but smaller, self-lubricating patches and light furrows were observed on the
C3TAu wear tracks (Figure 9d). However, because of the smaller Ra and Rt values of the
C3TAu than the C3TAg sample, reduced asperities of the ZrO, were presented, which led
to less wear debris from the WC ball, as supported by the lower W content detected from
the black patch areas 5 (C3TAu) than from area 2 (C3TAg).
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For the C3TV and C3TPd samples, the formed super-surface oxides of V,0O5 and
PdO possess a high hardness over HV3000 [19], which resulted in the wear mechanism
differing from that for the C3TAg and C3TAu. At the beginning of the wear, the asperities
of the superficial hard oxides cut the WC balls, as evidenced by the high friction coefficient
of the tribo-pair (Figure 7), involving C3TV and C3TPd, and by the high content of W
in the wear tracks of C3TV (Figure 9¢). The cyclic loading would lead to the initiation
and growth of fatigue cracks on the superficial oxides, and once the crack propagation
developed to a critical degree, flaking off of the superficial oxides appeared. The very
thin flakes were ground into small-sized abrasive particles by the relative motion of the
tribo pair, and abrasive wear occurred on the exposed ZrO, surface. At this point, the
cutting of the WC-Co ball by hard oxides of V,05 and PdO was finished, which resulted in
the reduced CoF, as shown in Figure 7 after 100 and 400 cycles for the C3TPd and C3TV
samples, respectively. As the superficial oxides are of low quantity, as indicated by the low
content of V and Pd by EDX analysis for the C3TV and C3TPd samples in Figure 9, and
the underneath ceramic layer of ZrO; is hard and thick enough to resist the abrasive wear
and to withstand the normal load applied, the wear rates of these two samples are still very
low, compared with the C2T sample, but are about 20, and 80% for the C3TPd and C3TV
samples, respectively, higher than the C3TAu and C3TAg samples.

4. Discussion
4.1. Catalytic Effect of Pre-Deposition Elements on the Growth of the Oxide Layer

By the pre-deposition of Ag, V, Pd, or Au elements, the ceramic conversion process
via thermal oxidation for the Zr702 alloy can be effectively promoted, as compared with
the samples without pre-deposition (C2T). It can be seen from Figure 1 that, with the
pre-deposition of Ag, the thickness of the oxide layer was increased significantly when
treated at 550 °C. When further increasing the treatment temperature to 600 °C, the oxide
layer thickness was only marginally increased, which differed greatly from the catalytic
effect of other pre-deposited elements in this temperature range. This might be related to
Ag agglomeration into larger dendrite-like particles (Figure 2) at high temperatures, which
may have limited the catalytic effect of Ag on oxide layer growth.

Vanadium pentoxide (V,0s) is commonly used as the catalyst in producing sulfuric
acid [20] in the temperature range of 400-600 °C. The formation of the vanadium pentoxide
(V20s5) identified via the XRD on the Zr702 surface might indicate a similar catalytic effect
in promoting the oxidation process for Zr702. Au (111) surfaces, which were detected via
the XRD on the C3TAu sample, were reported as effective catalysts in surface reactions,
such as selective oxidation and oxidative coupling [21]; hence, they could speed up the
oxidation process for Zr702. However, the catalytic effect of Au is not as strong as other
elements (Ag, V, and Pd) in the temperature range from 550 °C to 600 °C. Judging by the
oxide layer thickness, Ag and V showed the best catalytic effect at 600 °C for 10 h.

4.2. Improved Tribological Performance

As reported in Figure 7, untreated Zr702 sample exhibited a high coefficient of friction
(CoF) value up to about 0.65, which is consistent with the reported friction coefficient for
zirconium alloys [22]. As shown in Figure 7, both the C2T and C3T techniques significantly
decreased the coefficient of friction (CoF) of Zr702 alloy. This is due to the in-situ conversion
of soft metallic Zr702 into hard ceramic ZrO;. It is also noticed from Figure 7 that the CoF
for both the C3TV and C3TPd samples fluctuated at the beginning, before it returned to low
and stable values after about 400 and 100 cycles for C3TPd and C3TV, respectively. This was
caused by the asperities of the superficial hard oxides that cut the WC balls. As the cyclic
loading would lead to the superficial layer flaking off, they were ground into small sized
abrasive particles by the relative motion of the tribo-pair and abrasive wear occurred on the
exposed ZrO, surface, which resulted in the reduced CoF. However, Ouyang, Murakami,
and Sasaki [23] reported that the formation of V,0O5 oxide layers could effectively reduce
the CoF, and they considered V05 as a solid lubricant, due to its layered structure [24,25].



Materials 2023, 16, 1763

13 of 14

References

The conflicting results from this study are related to the different tribo-pair used. In their
research, a harder counterpart ball of SizNy, rather than a WC-Co ball, was used, and
this eliminated the oxides cutting the counterpart balls and, therefore, received a constant
low CoF.

The CoF values of Au are the most stable and the lowest in all the C3T-treated samples,
mainly because of the relatively low roughness and the lubricant effects of Au [26]. The
addition of the catalytic elements effectively reduces the wear rate of the Zr702 samples
(Figure 8), with the best performance for the C3TAg and C3TAu samples. This could
be explained by the formation of thick and hard surface oxide layer on the top of the
C3T-treated surfaces. Owing to the increase of the surface hardness and the nature of the
ceramic/metal contact, based on the thicker ceramic layer formed, the severe abrasive
and adhesive wear of Zr702 alloy changed to mild abrasive wear. The two orders of
magnitude reduction of the wear factor effectively reduced the CoF from 0.65 to <0.30,
which clearly demonstrated the effectiveness of the C3T techniques in improving the
tribological properties of Zr702 alloy.

5. Conclusions

By introducing a pre-deposited catalytic film, the successful promotion of the C2T
process, in terms of reduced treatment time, significantly improved the surface hardness
and tribological performance of Zr702 alloy. This novel catalytic ceramic conversion
treatment (C3T) to Zr702 greatly reduced energy consumption and is an efficient method for
real industrial applications. Based on the results presented, the following three conclusions
can be made:

1. A new catalytic ceramic conversion treatment (C3T) technique to improve the tribo-
logical properties of Zr702 alloy has been developed by adding a thin (300-350 nm)
specific catalytic film (Ag, Au, V, or Pd) onto the surface before ceramic conversion
treatment (C2T) via thermal oxidation.

2. Compared with conventional C2T, the C3T technique can produce hard, dense, and
adherent oxide layers with a thickness at least twice that produced by C2T under the
same temperature/time conditions. Ag and V showed a stronger catalytic effect than
Pd and Au.

3. The C3T technique can provide two orders of magnitude reduction of wear factor
and reduce the coefficient of friction from 0.65 to <0.25. Among the C3T samples,
the C3TAg and the C3TAu samples have the highest wear resistance and lowest CoF,
mainly due to the self-lubricant formation during the wear processes.

Author Contributions: Conceptualization, methodology, supervision H.D and X.L.; investigation,
formal analysis, data curation, X.X., J.A., X.L. and Z.Z.; writing—original draft preparation and
review and editing, X.X., J.A., X.L. and H.D.; funding acquisition, H.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially funded by the UK Engineering and Physical Sciences Research
Council (EPSRC), grant reference EP/L016206/1.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in article.

Conflicts of Interest: The authors declare no conflict of interest.

1. Hobbs, L.W.; Rosen, V.B.; Mangin, S.P; Treska, M.; Hunter, G. Oxidation Microstructures and Interfaces in the Oxidized Zirconium
Knee. Int. J. Appl. Ceram. Technol. 2005, 2, 221-246. [CrossRef]

2. Zhang, S. Improving the Tribological and Corrosion Properties of Zr702 and Zircaloy-4 Alloys by Ceramic Conversion Treatment.
Ph.D. Dissertation, Univerisity of Birmingham, Birmingham, UK, 2016.


http://doi.org/10.1111/j.1744-7402.2005.02025.x

Materials 2023, 16, 1763 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

Nielsen, R.H.; Schlewitz, ].H.; Nielsen, H. Zirconium and zirconium compounds. Kirk-Othmer Encycl. Chem. Technol. 2000, 1-46.
[CrossRef]

Lee, D.B.N.; Roberts, M.; Bluchel, C.G.; Odell, R.A. Zirconium: Biomedical and Nephrological Applications. ASAIO J. 2010, 56,
550-556. [CrossRef] [PubMed]

Wang, L.; Hu, X.; Nie, X. Deposition and properties of zirconia coatings on a zirconium alloy produced by pulsed DC plasma
electrolytic oxidation. Surf. Coat. Technol. 2013, 221, 150-157. [CrossRef]

Goto, T. Thermal barrier coatings deposited by laser CVD. Surf. Coat. Technol. 2005, 198, 367-371. [CrossRef]

Peng, D.Q.; Bai, X.D.; Chen, X.W.; Zhou, Q.G. The air oxidation behavior of lanthanum ion implanted zirconium at 500 °C. Nucl.
Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2003, 201, 589-594. [CrossRef]

Rawers, J.C.; Reitz, W.; Bullard, S.J.; Roub, E.K. Surface and Corrosion Study of Laser-Processed Zirconium Alloys. Corrosion 1991,
47,769-777. [CrossRef]

Chen, K,; Zeng, L.; Li, Z.; Chai, L.; Wang, Y.; Chen, L.-Y.; Yu, H. Effects of laser surface alloying with Cr on microstructure and
hardness of commercial purity Zr. J. Alloys Compd. 2019, 784, 1106-1112. [CrossRef]

Ba, Z.; Dong, Q.; Yin, ].; Wang, J.; Ma, B.; Zhang, X.; Wang, Z. Surface properties of Mg-Gd-Zn-Zr alloy modified by Sn ion
implantation. Mater. Lett. 2017, 190, 90-94. [CrossRef]

Gotman, I.; Gutmanas, E.; Hunter, G. 1.8 Wear-resistant ceramic films and coatings. In Comprehensive Biomaterials II; Elsevier:
Oxford, UK, 2017; pp. 165-203.

Goto, T; Ishigaki, H.; Ito, Y. Electrochemical surface nitriding of zirconium in LiCl-KCI-Li3N systems. Mater. Sci. Eng. A. 2004,
371, 353-358. [CrossRef]

Ji, R; Li, X.Y.; Dong, H. Ceramic conversion treatment of zirconium alloys to combat corrosion wear. Surf. Eng. 2010, 26, 30-36.
[CrossRef]

Zhang, Z.; Zhang, Y.; Li, X.; Alexander, J.; Dong, H. An enhanced ceramic conversion treatment of Ti6Al4V alloy surface by a
pre-deposited thin gold layer. . Alloys Compd. 2020, 844, 155867. [CrossRef]

Alexander, J.; Dong, H.; Bose, D.; Hassan, A.A ; Soo, S.L.; Zhang, Z.; Tao, X.; Kuehne, S.; Li, X.; Dong, H. Novel Catalytic Ceramic
Conversion Treatment of Ti6A14V for Improved Tribological and Antibacterial Properties for Biomedical Applications. Materials
2021, 14, 6554. [CrossRef] [PubMed]

HighScore(Plus). V3.X Database PDF—2 Release 2004. HighScore(Plus) 2004. Available online: https:/ /www.malvernpanalytical.
com/en/products/category /software/x-ray-diffraction-software /highscore-with-plus-option (accessed on 27 January 2023).
Fischer, T.; Tomizawa, H. Interaction of tribochemistry and microfracture in the friction and wear of silicon nitride. Wear 1985,
105, 29-45. [CrossRef]

Zirconia (ZrO2)—Applications of Zircalon Ceramics: AZO Materials. Available online: https://www.azom.com/article.aspx?
ArticleID=4507 (accessed on 27 January 2023).

Rafieerad, A.R.; Bushroa, A.R.; Nasiri-Tabrizi, B.; Vadivelu, J.; Baradaran, S.; Mesbah, M.; Zavareh, M.A. Mechanical properties,
corrosion behavior and in-vitro bioactivity of nanostructured Pd/PdO coating on Ti-6Al-7Nb implant. Mater. Des. 2016, 103,
10-24. [CrossRef]

Eriksen, K.; Karydis, D.; Boghosian, S.; Fehrmann, R. Deactivation and Compound Formation in Sulfuric-Acid Catalysts and
Model Systems. J. Catal. 1995, 155, 32-42. [CrossRef]

Spurgeon, PM.; Lai, K.C.; Han, Y.; Evans, ].W.; Thiel, P.A. Fundamentals of Au(111) Surface Dynamics: Coarsening of Two-
Dimensional Au Islands. J. Phys. Chem. C 2020, 124, 7492-7499. [CrossRef]

Attia, M.H. On the fretting wear mechanism of Zr-alloys. Tribol. Int. 2006, 39, 1320-1326. [CrossRef]

Ouyang, J.; Murakami, T.; Sasaki, S. High-temperature tribological properties of a cathodic arc ion-plated (V,Ti)N coating. Wear
2007, 263, 1347-1353. [CrossRef]

Mirabal-Rojas, R.; Rodil, S.E.; Ramirez, G.; Polcar, T.; Camps, E.; Erdemir, A. Effect of the addition of Si into V,0Os5 coatings:
Structure and tribo-mechanical properties. Surf. Coat. Technol. 2018, 349, 111-118. [CrossRef]

Singh, B.; Gupta, M.K.; Mishra, S.K.; Mittal, R.; Sastry, P.U.; Rols, S.; Chaplot, S.L. Anomalous lattice behavior of vanadium
pentaoxide (V,0Os): X-ray diffraction, inelastic neutron scattering and ab initio lattice dynamics. Phys. Chem. Chem. Phys. 2017, 19,
17967-17984. [CrossRef] [PubMed]

Miyakawa, Y. Friction and wear performance of gold and gold alloy films. Gold Bull. 1980, 13, 21-30. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/0471238961.26091803.a01.pub3
http://doi.org/10.1097/MAT.0b013e3181e73f20
http://www.ncbi.nlm.nih.gov/pubmed/21245802
http://doi.org/10.1016/j.surfcoat.2013.01.040
http://doi.org/10.1016/j.surfcoat.2004.10.084
http://doi.org/10.1016/S0168-583X(02)02232-2
http://doi.org/10.5006/1.3585187
http://doi.org/10.1016/j.jallcom.2019.01.097
http://doi.org/10.1016/j.matlet.2016.12.038
http://doi.org/10.1016/j.msea.2003.12.054
http://doi.org/10.1179/026708409X12450792800079
http://doi.org/10.1016/j.jallcom.2020.155867
http://doi.org/10.3390/ma14216554
http://www.ncbi.nlm.nih.gov/pubmed/34772075
https://www.malvernpanalytical.com/en/products/category/software/x-ray-diffraction-software/highscore-with-plus-option
https://www.malvernpanalytical.com/en/products/category/software/x-ray-diffraction-software/highscore-with-plus-option
http://doi.org/10.1016/0043-1648(85)90004-3
https://www.azom.com/article.aspx?ArticleID=4507
https://www.azom.com/article.aspx?ArticleID=4507
http://doi.org/10.1016/j.matdes.2016.04.060
http://doi.org/10.1006/jcat.1995.1185
http://doi.org/10.1021/acs.jpcc.9b12056
http://doi.org/10.1016/j.triboint.2006.02.053
http://doi.org/10.1016/j.wear.2006.12.031
http://doi.org/10.1016/j.surfcoat.2018.05.052
http://doi.org/10.1039/C7CP01904A
http://www.ncbi.nlm.nih.gov/pubmed/28664955
http://doi.org/10.1007/BF03215126

	Introduction 
	Materials and Methodologies 
	Materials and Sample Preparation 
	Pre-Deposition of Thin Metal Films 
	Ceramic Conversion Treatment 
	Microstructure Characterisation and Property Evaluation 

	Results and Discussion 
	Catalytic Effect as a Function of Treatment Temperature 
	Surface Morphology and Roughness 
	Surface Layer Structure 
	Hardness and CoF 
	Wear Resistance 

	Discussion 
	Catalytic Effect of Pre-Deposition Elements on the Growth of the Oxide Layer 
	Improved Tribological Performance 

	Conclusions 
	References

