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ABSTRACT

For the simultaneous improvement of mechanical, corrosion, and tribo-corro-
sion properties of Zr-2.5Nb alloy, an adherent black coating was deposited on
the Zr-2.5Nb substrate by thermal oxidation in air at different temperatures and
times to use in biomedical applications such as knee joints and orthope-
dic/dental replacements. According to obtained results, the long-term corrosion
and tribo-corrosion resistance, and frictional properties in the phosphate-buf-
fered saline solution improved significantly by oxidization at 523 °C for 4 h
compared to the bare substrate. XRD patterns and Raman spectra revealed the
formation of monoclinic and tetragonal ZrO,, as well as Nb,Os phases in the
black coating. According to microstructural studies, high adherence between the
compact oxide layer and substrate decreased due to the formation of micro-
cracks in the coating at a high operating temperature of 700 °C.
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GRAPHICAL ABSTRACT

Introduction

During end-stage arthritis, total knee arthroplasty
(TKA) is often the reliable and effective method to
restore joint functions [1-4]. Total knee implants must
possess high strength, corrosion and wear resistance,
tissue compatibility, longevity, and low friction
coefficients. Zr and Zr-alloys are commonly used in
biomedical implants, prosthetic components, and
dental prostheses due to their high fracture tough-
ness, strength, wear resistance, and good biocom-
patibility [5-9] in comparison with other common
biomedical materials including CoCrMo alloys, Ti-
6Al-4 V, and 316L stainless steel [10, 11]. Moreover,
the zirconium dioxide (ZrO,) ceramic surface has
enhanced hemocompatibility [12].

Oxide ceramic materials offer benefits as articulat-
ing surfaces on TKA and hemiarthroplasty devices
due to their good wear resistance and high lubricity,
but there are some drawbacks including the brittle
nature and difficulty to fabricate implants with the
required shape and topography. Therefore, coupling
ceramic materials with mechanically resilient metallic
substrates offer some advantages. The oxidized zir-
conium (OxZr) alloy with the trade name OXINIUM
utilizes oxidation to transform the metallic surface
into a ceramic one. Zirconia (ZrO,) has been used as a
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coating on metallic substrates to enhance cell adhe-
sion and proliferation while providing abrasion and
wear resistance [13]. It has three well-known crys-
tallographic structures. The structural studies of zir-
conia have shown that it is polymorphous and exists
in three crystallographic phases: (i) monoclinic (m),
lowest symmetry structure with thermodynamically
stable up to 1170 °C; (ii) tetragonal (t), appears from
1170 to 2370 °C; and (iii) cubic (c), from 2370 to
2715 °C (melting temperature). Under these changes
in symmetry, its physicochemical properties get
improved, which means that high-temperature pha-
ses are extra suitable for industrial applications [7].
The transition from one structure to another occurs
with martensitic transformation which often leads to
crack formation. Therefore, various strategies have
been proposed to mitigate cracking in ZrO,-based
ceramics [14], and the stability of two phases
including tetragonal (t-ZrO,) and monoclinic (m-
Zr0,) is the main concern. The transformation from ¢-
ZrO, to m-ZrO, is accompanied by 3% volume
expansion which prevents crack progression[15].
Ling et al. [16] reported that the martensitic trans-
formation temperature of zirconia from m-ZrO; to t-
ZrO; during the heating stage was reduced under the
radiation of microwave energy. The increase in
heating temperature was useful for the transforma-
tion of monoclinic phase zirconia to tetragonal phase



zirconia, thus increasing the stability rate of partially
stabilized zirconia. The optimized sintering effect
appears at 1000 °C in the studied roasting tempera-
ture range (800-1200 °C) for Al,O3-ZrO, powders
[17].

One of the important requirements for joint mate-
rials used in joint arthroplasty is to survive sliding
under large localized loads. Therefore, it is essential
to investigate the corrosion and tribocorrosion resis-
tance of joint replacement alloys under physiological
conditions. Several tribological studies conducted
in vitro and in vivo have revealed the superiority of
ceramics in wear applications, especially articulating
against polyethylene in comparison with metallic
components due to the reduced amount of
UHMWPE debris [2].

Amat et al. [18] have shown that the mechanical
properties of ZrO, are influenced by the microstruc-
ture and also processing conditions. Denry et al. have
demonstrated that a microstructure with finer grains,
high homogeneity, and low porosity has better
mechanical properties. Ezzet et al. [19] have reported
a nearly 50% decline in the wear rates after 5 million
cycles and ZrO, can withstand up to 50 billion cycles
without breaking at an applied force of up to 90 kN
in comparison with the failure of other biomaterials
in 15 cycles [20]. Gautam et al. [20] have observed no
spalling or delamination of zirconia-coated zirco-
nium alloy even after 10 million abrasion cycles. It is
assumed that the roughness of the surface also
influences the wear because a smoother surface
decreases friction and enhances lubrication. The
effects of the Nb content on the microstructure and
corrosion resistance of biomedical Zr-Nb alloys have
been investigated by Zhou et al. [21]. Early clinical
trials have also disclosed favorable results for oxi-
dized zirconium as well as the possibility of
improving the durability of total hips and knee
arthroplasty by this alloy [22].

Various methods have been employed clinically to
treat Zr-alloy-based total hip and knee replacements
[2]. An oxidation process has been proposed for
orthopedic Zr alloy implants, in which the load-
bearing surface is covered by a dense and thin layer
of black-zirconium or blue-black-zirconium oxide
[15, 23]. Internal oxygen diffusion results in the for-
mation of a dense-protective black oxide layer with a
thickness of about 5 pm due to good conduction of
ZrO, and a porous surface with insufficient protec-
tion is produced at a longer oxidation time, thereby
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degrading the corrosion and wear resistance against
bone cement and oxide debris, while lower sliding
friction against polyethylene at the same time [24]. In
the present study, thermal oxidation in air at different
temperatures and times was designed to obtain the
adherent-black coatings on the Zr-2.5Nb alloy. The
main objective of this work is to comprehensively
investigate the corrosion and tribocorrosion perfor-
mance of the black coatings in the phosphate-buf-
fered saline solution (PBS). The results represented a
significant improvement in corrosion and tribocor-
rosion resistance values by increasing the oxidation
temperature to 523 °C due to the formation of ZrO,—
Nb,Os ceramic coatings on Zr-2.5Nb substrate which
makes them an interesting candidate for substituting
metallic implants which exhibit weak to moderate
corrosion and tribocorrosion resistance, especially for
biomedical applications such as knee joints.

Experimental details
Thermal oxidation

Commercial disk-shaped (20 mm in diame-
ter x 5 mm thick) Zr-2.5Nb alloy with the chemical
composition (%wt.) of Nb: 2.64, Fe: 0.011, other
impurities < 0.01, and Zr: remainder, was used as the
substrate. The Zr-2.5Nb alloy density and average
porosity percent were about 6.5 gr.cc”' and < 1%,
respectively. The specimens were ground with silicon
carbide paper of 600, 1200, 2500, and 4000 grits and
finally polished with alumina and 0.5 pm diamond
paste to produce a smooth surface. They were
cleaned ultrasonically in distilled water and alcohol.
Thermal oxidation was performed in an electrical
muffle furnace (MET.F1200) in the air at 523 °C for 3,
4, and 5 h and 700 and 800 °C for 1 h. The specimens
were oxidized before cooling to room temperature in
each cycle. The label of the specimens according to
the oxidation time and temperature is shown in
Table 1. Figure 1 represents the macroscopic image of
the oxidized specimens after removal from the
furnace.

Table 1 Label of the specimens

Specimen label 0X1 0x2 0X3 0x4 0Xs5

Temperature (°C) 523 523 523 700 800
Time (h) 3 4 5 1 1
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Figure 1 Macroscopic images
of the oxidized specimens:

a Zr-2.5Nb alloy, b OX1,

¢ 0X2, d OX3, e OX4, and
f 0OX5.

Characterization of the oxidized specimens

The phase composition was detected by X-ray
diffraction (XRD, model PANalytical), using Cu K,
radiation (40 kV and 40 mA) for the 20 range of 10—
80°, 0.05° step size, and 1 s step time. The X'Pert high
score software (version 3.0.0) with the PDF2 database
was used to analyze the XRD patterns. Scherrer’s
equation [25] was used to determine the average
crystallite size of ZrO, phases by utilizing the width
of XRD peaks at half maximum intensity (f), the
diffraction angle (0), and the X-ray wavelength (1):

0.9n

d(nm) = pcost (1)

In addition, micro Raman scattering was carried
out using the Nd:YAG laser with a wavelength of
532 nm on the Renishaw inVia Raman Microscope
equipped with a (50x) microprobe and a CCD
detector to determine the functional groups and
vibrations caused by different phases present in the
oxide coatings on the surface of the Zr—2.5Nb alloy. A
scanning electron microscope (SEM, model LEO
1530) equipped with the Oxford X-Max energy-dis-
persive X-ray spectrometer (EDS) and field-emission
scanning electron microscope (FE-SEM) were used to
examine the cross section and surface morphology of
the coatings. The cross sections were prepared by
mounting the samples vertically in epoxy resin and
mechanically grinding near parallel to the coat-
ing/substrate interface direction using emery paper
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down to 2400 grit. After that, the samples were pol-
ished using alumina particles.

(1 micron) and then washed using double distilled
water and methanol, and finally dried in warm air-
flow. The gold spattering was applied to cover the
mounted samples before placing them in the SEM
chamber. The average oxide layer thickness was
determined by the Image] 1.44p software on the cross
section of SEM micrographs, and the surface rough-
ness (R,) was monitored by profilometry (model
Mitutoyo SJ210). The relative density of the oxidized
specimen was measured using the immersion tech-
nique as specified in ASTMB311 and the relative
density was reported as the ratio of the measured
density to the theoretical density.

Surface hardness

The mechanical properties were investigated on both
the nano- and micro-scales. The nano-hardness test
was performed on the Agilent Nanoindenter equip-
ped with a Berkovich tip and XP transducer with
unmatched flexibility for the 40 mN load. The
nanoindentation tests were carried out on a 5 x 5
array and were repeated 10 times for every region of
each sample. The maximum depth was set to
2000 nm, with a holding time of 10 s before unload-
ing. To calculate the nano-hardness value and the
elastic modulus of the coating, common load—-dis-
placement diagrams with the Berkovich standard
diamond indenter were employed and plotted auto-
matically during each test. The average micro-



Figure 2 X-ray diffraction
patterns of the Zr-2.5Nb
substrate and oxide coatings
formed at different
temperatures at different times.

hardness was measured on the cross section of the
coatings by a diamond Knoop indenter at a load of
25 g, which is more suitable for thin coatings (five
indents at the center of each specimen).

To investigate the H and E profiles along the region
of oxidation, three batches of seven indentations were
performed in all the coatings from the interface to the
outer layer. The tests were performed with an
advance of 2 um and lateral displacement of 7 um
related to the last indentation.

Corrosion properties

The electrochemical properties of the oxide layers
were evaluated by electrochemical impedance spec-
troscopy (EIS) in the phosphate-buffered saline (PBS)
solution (Na*: 138.7, K*: 3.1, C1": 139.7 and HPO, %
2.03 mmol. L") on the AMETEK potentiostat/gal-
vanostat (model PARSTAT 2273) (Tennessee, USA) at
37 °C based on the three-electrode cell in which the
platinum plate was the counter electrode, saturated
Ag/AgCl as the reference electrode, and one face of
the coated sample of 1 cm® area (working electrode)
was exposed to the aggressive electrolyte. The Power
Suite software was used to analyze the data. For
evaluating the stability of the coatings, the EIS mea-
surements were continued for long immersion times
using duplicate samples, and then, the changes in the
impedance responses were evaluated over exposure
time. EIS was carried out in the 100 kHz to 100 mHz
frequency range (36 points) using 10 mV peak-to-
peak voltage amplitude for 16 weeks of immersion to
evaluate the long-term corrosion behavior and the
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data were fitted and analyzed by the Zview software
(version 3.1).

Tribocorrosion properties

The tribocorrosion properties of the substrate and
oxidized specimens were determined on the tribo-
electrochemical machine using a SiC ball (¢ = 5 mm)
at a normal load of 10 N, speed of 0.1 m/s for 40 m,
5 mm stroke length, and 1 Hz oscillating frequency.
Each test was repeated 3 times. The EG&G poten-
tiostat/galvanostat model 263A was utilized to
measure OCP as a function of immersion time. The
PBS solution (pH = 7.4 £ 0.1) was used in the tribo-
corrosion tests at 37 °C. Immersion for 24 h was
required to reach the steady-state OCP and the OCP
was then recorded for 10 min before sliding, 20 min
during sliding, and 10 min after sliding.

Results and discussion
Characterization of the oxidized specimens

Figure 2 presents the XRD patterns of the Zr-2.5Nb
alloy after oxidation under different conditions. As
shown in Fig. 2, after processing for 3 h at 523 °C, a
ZrO, layer was formed on the surface of the Zr-2.5Nb
substrate. Several papers [23-25] have discussed the
phase composition of the PEO coatings formed on
pure zirconium and zirconium alloys. According to
XRD results, the oxide layer mostly consists of
monoclinic zirconia (m-ZrO,, JCPDS card no 37-1484)
with a small amount of tetragonal phase (t-ZrO,,
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Table 2 Chemical composition, thickness, the surface roughness of the oxide coatings, and crystallite size of (111),, and (101), planes

extracted from XRD patterns

Specimens  Elements (at.%) Oxide layer thickness (um) Roughness (R,) (um) FWHM (°) Crystallite size (nm)

Zr  Nb O T 1D, 0D (T 1), (10T)
0OX1 33.63 279 63.54 3.03 £ 0.1 0.19 + 0.08 0.561 0812 894+ 11 436+ 12
0X2 3416 227 6357 5.09£0.2 0.21 &+ 0.09 0.515 0.780  90.6 £9 494 £ 11
0X3 3403 246 63.60 596 =+0.2 0.26 + 0.09 0.438 0682 983 +£9 548 £ 8
0X4 33.10 279 64.11 20.02£0.2 0.75 £ 0.11 0.411 0.625 178.6 £ 14 832 £ 11
0X5 33.18 246 6436 8582+ 0.7 1.21 £ 0.16 0.210 0481 3829 +33 1014 £23

Figure 3 Raman scattering spectra of the oxide coatings.

JCPDS card no 42-1164). Furthermore, in all oxide
layers, Nb,Os was detected. The intensity of the t-
ZrO, peaks decreased as the oxidation temperature
increased due to the volume expansion that occurred
during the monoclinic to tetragonal phase change
which restricted further transformation as the avail-
able space decreased [25]. Hobbs et al. [23] reported
that in addition to the major oxide phase of mono-
clinic m-ZrO2, a small amount of tetragonal f-ZrO2
has formed, as evidenced by the (111)t peak. Also, the
6 h 635 °C oxide showed possible evidence of Nb2O5
formation in the two small peaks either side of
20 = 29°. Table 2 represents the chemical composition
of the oxide coatings. The concentration of Zr and O
elements is between 33.10 to 34.16 and 63.53 to 64.36
at.%, respectively, and the concentration of Nb ele-
ment in the oxide coatings remains at 2.3-2.8 at.% as
the temperature is increased from 523 to 800 °C. The
O/Zr atomic ratio is approximately 1.7-2, indicating
the presence of the ZrO, phase [25]. Similar results
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have been reported before showing the major m-ZrO,
phase with trace amounts of #-ZrO, [24].

To confirm the XRD and EDS results and delicately
specify the phases present in the oxide layers of each
specimen, Raman spectra are compared as shown in
Fig. 3. The bands at 148, 266, 474, and 637 cm ™! cor-
respond to those of tetragonal zirconia [26, 27],
whereas those at 181, 330, 380, 475, 558, 615, 690, and
760 cm ™! are related to monoclinic ZrO, [28, 29].
However, Raman Spectroscopic assessment shows
the detection of the only tetragonal phase in the wear
zone of ZrO2/7-Mrad after 10Mc [15]. The bands at
280 and 650 cm ™" indicate the presence of Nb,Os in
the coating (Fig. 3) confirming the XRD results [28].
Cao et al. [30] have reported that Raman spectra of
Nb,Os are similarly dominated by a broad band at
around 700 cm ™. Figure 3 shows that 800 °C is not
high enough to convert the tetragonal phase to the
monoclinic phase, so both phases are observed by
increasing the annealing temperature. In order to
determine the simultaneous existence of Zr-O-Zr
and Nb-O-Nb bonds in the oxidized layers and the
difference between the coatings formed at different
temperatures, the regions of 100450 and
450-800 cm ™' are deconvoluted in OX1, OX4, and
OX5 specimens (Fig. 4) [31]. As the oxidizing tem-
perature increases from 523 to 800 °C, the intensity of
t-ZrO, and Nb,Os bonds increases which represents
the higher amounts of these phases in the oxidized
layer, especially in the OX5 specimen.

The surface morphology and cross section of the
oxide coatings are displayed in Figs. 5a—e’. At 523 °C,
the black coatings displayed a similar structure for
different oxidation times. At higher temperatures, the
microscale grooves and uniformly oriented scratches
appear in the surface morphology as observed in OX4
and OX5 specimens. According to Fig. 5e’, multiple
cracks and upheaved areas formed in the OX5 spec-
imen, and the macroscopic color of the coating
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Figure 4 Deconvoluted Raman spectra of a, a” OX1, b, b’ OX4, and ¢, ¢’ OXS5 in the range of 100-450 and 450-800 em. "L

changed to light gray (approximately white) while
the coating was starting to delaminate from the
substrate due to the high operating temperature. The
metallic surface transforms into a dense ceramic that
is predominantly m-ZrO, during oxidation [32]

according to Zr + O, — ZrO, (AH = -1100 kJ/mol at
298 K), which is a diffusion-controlled process. The
proposed mechanism for diffusion includes O,
adsorption/desorption at the metal/air interface,
diffusion/dissolution of O,, formation of an oxide
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Figure 5 Surface morphology a—e and cross-sectional images including EDS spectra (from the coating region), and elemental mapping
a’—e’ of the specimens: a, a’ OX1, b, b” 0X2, ¢, ¢’ 0X3, d, d’ OX4, and e, e’ OXS5.
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Figure 5 continued.

layer, oxygen diffusion through the oxide layer, and As shown in Fig. 5, the thickness of the oxide layer
oxide growth on the metal/oxide interface as and surface roughness increase with oxidation tem-
described in Fig. 6. perature. The oxide layers grown at lower
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Figure 5 continued.
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Figure 6 Schematic representation of ZrO2 oxide layer formation.

temperatures (Figs. 5a—c’) are thin, continuous, and substrate. This means the temperature change intro-
more compact. However, the surface of the oxide duces thermal stress in the oxide layer. In combina-
coatings shows microcracks due to the smaller coef- tion with the growth stress caused by coarsening of
ficient of thermal expansion of ZrO, compared to the  plate-like oxides, cracks are formed in the oxide layer
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Figure 7 3D profiles of the surface topography of oxide coatings in different conditions: a: OX1, b: 0X2, ¢: 0X3, d: OX4, and e: OX5.

[33]. The higher oxidation rate may stem from oxi-
dant diffusion along the cracks in the oxide layer to
promote the oxidation [34].

The crystallite size of the monoclinic and tetragonal
phases are calculated from (1 11),, and (101), planets
located at 20 angles of 28.2 and 30.2°, respectively
(Table 2). As seen, increasing the temperature and
time of oxidation causes crystallite growth. The
results demonstrate that the crystallite size growth is
more significant by raising the temperature to 800 °C
in the OX5 specimen (to 3829433 and
101.4 &+ 23 nm for (1 11),, and (101), peaks for the
OX5 specimen, respectively). The relative densities of
the OX1, OX2, OX3, OX4, and OX5 specimens are
about 99.2, 99.5, 99.7, 929, and 86.5% (& 0.1),
respectively. Due to the presence of several cracks in
the oxidized specimens (especially in the OX5 speci-
men), determining exact values was difficult, there-
fore, the tests were repeated several times.

Figure 7 displays the 3D surface topography of the
oxide coatings formed under different conditions.
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Figure 8 Load-indentation depth curve and comparison between
the substrate and oxide coatings.

The surface roughness affects the suitability of knee
implants after implantation [35]. Although the sur-
face roughness increases considerably by increasing
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Table 3 Nanohardness (H), Young’s modulus (E), Knoop microhardness, and H/E ratio of the specimens

Specimen Elastic Modulus (GPa) Nanohardness (GPa) Knoop microhardness (HK,s) HJ/E ratio
0OXl1 218.67 =+ 18.06 11.14 +1.01 1078.7 4+ 93.0 0.055
0x2 249.03 + 23.81 19.92 £ 4.15 13813 + 1854 0.080
0Xx3 238.64 + 21.88 17.89 =+ 3.06 13283 £ 1975 0.074
0X4 22595 £ 19.01 1345 +£2.11 1206.3 £ 105.3 0.070
0X5 200.27 + 15.06 11.01 +1.20 1012.4 + 106.6 0.054

Figure 9 a Hardness and b elastic modulus value of the coatings at different depths or distances of the indents from the metal-coating

interface.

the oxidation time at 523 °C, it is still considered
suitable for osseointegration and hence, surface
roughness between 100 and 1000 nm and thickness
between 5 and 20 pm are acceptable [14, 36]. Nako-
nieczny et al. [35] reported the lowest surface
roughness was characterized by reference.

samples (Ra = 32 nm), while the higher roughness
was found in the sample after the accelerated.

aging process, t = 2.5 h (Ra = 61 nm).

Mechanical properties of ZrO, coatings

The hardness of the bare and coated Zr-2.5Nb alloy is
measured on both the microscale and nanoscale. The
loading—unloading characteristics of the substrate
and oxide layers are determined by the nanoinden-
tation technique at a maximum load of 40 mN. By
withdrawing the indenter from the surface in 20 s,
the penetration depth is less than 10% of the oxide
layer thickness [35]. The nanoindentation and Knoop
microhardness results are summarized in Fig. 8 and
Table 2. The coating hardness and Young’s modulus
are influenced by coating characteristics such as
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thickness, composition, pores, and microcracks [37].
The highest nano and microhardness are observed
from OX2 (treated at 523 °C for 4 h), which are close
to those of OX3 (treated at 523 °C for 5 h) due to the
low surface roughness and uniform thickness. The
hard t-ZrO, phase is responsible for the intrinsic
hardness of OX2 (19.92 + 4.15 GPa).

Similar hardness values of ~ 1100 HV have been
reported by Chen et al. [32, 33] using the air plasma
spraying and plasma electrolytic oxidation technique
[34, 38]. Yong's modulus for oxidized specimens
between 200 and 250 GPa, that is corresponding to
the provided data.

[34] indicates in this study, the extreme values of
these properties are taken.The nanohardness test
indicates that the OxZr hardness is more than twice
that of CoCr on the articulating surface. However, it
is noted that this alone does not imply a higher
abrasion resistance [32, 39]. The surface pores and
microcracks result in lower hardness for OX5
(Table 2).

The hardness-to-elastic modulus ratio is known as
the plasticity index and is one of the important
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Figure 10 Variations of OCP before, during, and after sliding in the PBS solution, a for all the specimens and b OX2 and OX3 specimens.

parameters affecting the elastic behavior of the con-
tact surface. A larger H/E ratio implies better wear
resistance [40]. Table 3 shows the H/E ratios of dif-
ferent specimens derived from results obtained by
the nanoindentation tests. OX2 (0.080) shows the
biggest H/E ratio and OX5 have the smallest value.

Figure 9 presents the nanoindentation results for
different thicknesses. The nanohardness of the zir-
conia layer ranges from 14 to 20 GPa, which is much
higher than the Zr-2.5Nb bare substrate is about 4-7
GPa [41] along the area of oxygen diffusion. In the
inner layer close to the interface (2 um from the
interface), an increase is observed at higher oxidation
temperature related to the higher degree of densifi-
cation. As the distance from the interface is increased
to 6 um, the hardness and elastic modulus change
slightly due to the low porosity gradient and uniform
oxide layer. Moreover, concerning the ZrO, film
formed on the zirconium alloy, part of the tetragonal
phase transforms into the monoclinic phase thus
producing high internal stresses around the trans-
formed ZrO, crystallites due to the transformation
strain [42].

The porosity gradient has a detrimental effect on
Young’s modulus and hardness [43]. In the OXI,
OX2, and OX3 specimens with less than 6 um thick-
nesses, the relative density is up to 99%. After 60 min
at 523 °C, the hardness (19.68 4+ 0.5 GPa) of the OX3
specimen drops slightly to 19.49 + 1 GPa because the
decrease in the volume fraction of t-ZrO, is more
slowly with increasing time [24, 44]. On the other
hand, as for the OX4 and OX5 specimens, with
increasing distances from the interface, the crystallite

size increases, and a gradual reduction in the hard-
ness and elastic modulus are observed. The coating
hardness is influenced by the microstructure of the
coatings including pores and microcracks [37]. For
the OX4 specimen with increasing the coating thick-
ness of 2, 4, 6, 10, and 20 um from the interface, the
hardness value reached 20.1 +2,19.89 =+ 1, 19.64
+£2,157 £1,13.6 £3,and 13.9 =+ 2, respectively,
regarding this trend was observed for elastic modu-
lus 250 + 23,251 =+ 18,246.7 =+ 24,2343 +21,
202 = 18. OX5 specimen followed a similar trend of
hardness and elastic modulus profiles, where
decreases of both measured properties are detected at
distances up to 4 um of the interface. The coating
layer at a distance of 80 um had the lowest value of
hardness and elastic modulus 10.6 =+ 1, and 180.8
+ 28 GPa, respectively. Consequently, large pores
and microcracks near the surface result in lower
hardness for the OX4 and OX5 specimens, whereas
the dense layer close to the interface/coating exhibits
higher hardness and elastic modulus.

Tribological investigation

The tribocorrosion test is performed at OCP in the
PBS solution adjusted to a pH of 7.4 + 0.1. Figure 10
shows the change in the potential with time under
open-circuit conditions after immersion for 24 h in
PBS at 37 °C. There are three different stages before,
during, and after sliding. When SiC ball sliding
commences, the OCP shows no appreciable changes
for OX2 and OX3. At the end of sliding, the OCP
remains unchanged implying a lack of exposure of
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Figure 11 Friction coefficients of the substrate and oxide coatings
against the SiC ball.

Figure 12 Line profiles of the wear scars after the tribocorrosion
tests.

new materials to the electrolyte despite the ball slid-
ing on the surface. The potential fluctuations during
sliding can be caused by the ball movement in PBS or
instant partial delamination of the tribolayers [44].
However, the substrate OCP decreases to more neg-
ative values at the onset of sliding before increasing
gradually until the end of sliding (1200 s). It can be
the result of scratching at the onset of sliding that
removes the passive film and exposes the active
surface of the Zr-2.5Nb substrate to the electrolyte
followed by repassivation. Here, the strong OCP
fluctuation during sliding can be explained by the
dynamic equilibrium between depassivation and
repassivation on the worn surface [45]. As for OX4
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and OX5, a slow decrease of OCP is observed during
sliding. The OCP drop at the onset of sliding is due to
the mechanical destruction of the coating layer upon
initial impact with the ball creating local exposure to
the aggressive solution on the bare Zr-2.5Nb alloy
substrate. This in turn creates galvanic couples
among the corroded and un-corroded surfaces in the
wear scar [46]. The bare area developed by further
sliding increases the anode area in the wear scar
resulting in a further decrease in the OCP. These
results indicate that the oxide layers offer better tri-
bocorrosion resistance.

Figure 11 presents the changes in the coating’s
friction coefficients (COF) versus displacements
during the tribocorrosion test under a 10N normal
load. The OX5 specimen shows the highest COF due
to the highest porosity percentage (~13.5%) and Ra
(~1.21 pm) thus reducing the contact between SiC
and the coating surface. The COF change includes
several stages such as plowing wear, abrasive wear,
and adhesive wear [47]. The first stage is the contact
of the SiC counter body with the outer porous layer
in the OX4 and OX5 specimens with large thicknesses
together with pores and surface roughness. After
polishing and removing the outer layer, the ball
contacts the inner layer with higher compactness,
hardness, and less roughness. Owing to the small
thickness of the inner layer (5-10 pm) and the for-
mation of wear debris, COF continues to increase and
reaches a maximum value. Then the coating is broken
and damaged, where the substrate is completely
evident at a ~20 m distance. The substrate is worn
until 40 m and the COF of the substrate is recorded.
OX4, OX5, and the substrate exhibit obvious fluctu-
ations due to the higher surface roughness which
produces higher wear debris. However, the OX2 and
OX3 specimens show slightly worn, smaller friction
coefficients with no significant fluctuations due to the
higher hardness, larger H/E ratio, and perhaps
smaller roughness. In the OX1 specimen, by increas-
ing the contact of the counter body with the coating
layer, the coating is slightly damaged and broken at
some points leading to increase COF, and ultimately
the coating is completely broken after the ~28 m
distance. In the OX2 and OX3 specimens, the coating
remains stable for the whole sliding distance showing
higher wear resistance than other coatings [48].

Figures 12 and 13 depict the linear average profiles
and SEM images across the wear tracks after the tri-
bocorrosion tests that were examined using a
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Figure 13 SEM images of the wear scars: a—a’ substrate, b-b’ OX1, ¢-¢ OX2, d-d’ 0X3, e-e’ OX4, and f—f OXS5 after the

tribocorrosion tests at OCP.

profilometer. The line profiles across the wear tracks
are used to calculate the volume loss. The volume
losses of OX1, OX2, OX3, OX4, and OX5 are 0.0725,
0.046, 0.061, 0.095, and 0.11 mm?, respectively, indi-
cating that OX2 has the smallest volume loss. This
confirms the improvement in the tribocorrosion
resistance for larger {-ZrO, harder phase incorpora-
tion. As shown in Fig. 12, the Zr-2.5Nb bare speci-
men shows the highest track width and depth
(~25.0 um) even larger than the coating thickness
(~80 pm), where many grooves and parallel scrat-
ches are visible (Figs. 12a-a’). This indicates that the
wear process completely removes the coating.
Thereafter, the substrate is worn and the adhesive

wear mechanism prevails as confirmed by increased
fluctuations in the friction coefficients [49].

The hardness of the coating might affect the wear
resistance, which is controlled by the phase compo-
sition and porosity levels [50]. In the OX4 and OX5
specimens, lower hardness, higher R,, and porosity
percentage result in high debris (tribo-products)
during the wear test (see Figs. 13e” and f’) that causes
the three-body wear phenomenon leading to fast
removal of the coating [33]. To investigate the wear
mechanism of the ceramic coatings, the wear tracks
generated on the coated worn surfaces are examined
by SEM as shown in Fig. 13. Based on the images of
the worn tracks (Fig. 13), the debris can be ejected
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Figure 14 a Nyquist and b bode-phase plots of OX2 in PBS solution at pH 7.4 after immersion for 24 h.

from the friction area easily. The abrasive particles
and removed materials indicate abrasive and adhe-
sive wear for the substrate, OX1, OX4, and OX5.
During sliding, the debris generated on OX1, OX4,
and OX5 fill the larger flaws and the rest of the
spalling particles are engaged in the wear process. In
fact, plastic deformation proceeds in the wear test
due to the formation of cracks on the surface. Crack
propagation results in the separation of particles
from the surface. Furthermore, there are uneven
surfaces and many parallel scratch grooves related to
continuous and repeated delamination of the coating
and debris.

The worn regions on the substrate, OX1, OX4, and
OX5 show severe abrasion and plastic deformation
caused by the scratching action of the SiC ball. On the
other hand, the worn surfaces on OX2 and OX3
manifest as smooth and dull areas, indicating that
these coatings with high density and low roughness,
show a higher wear resistance. The small depth of
track (<2 pm) indicates that a considerable part of
the coatings is undamaged until 40 m.

Corrosion resistance

EIS tests were carried out in PBS solution (pH
74 + 0.1) on the OX2 specimen as the optimal one
due to its best mechanical and tribological properties
among other specimens. Furthermore, previous
researches [38, 51] indicate the oxidation rate of the
zirconium oxidized in air atmosphere is increasing
with the increase in the temperature and exposure
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time. Initially, oxidation follows a parabolic rate at all
temperatures above 700 °C. EIS is a non-destructive
technique for probing the -electrode—electrolyte
interface and provides the means of determining the
contributions of the oxide film, resistance, and
capacitance to the total impedance of the system [52].
The short-term impedance test results after immer-
sion for 24 h are presented in Fig. 14. The Nyquist
diagrams of the Zr-2.5Nb substrate and oxidized
specimens exhibit incomplete semi-circles denoting
full barrier characteristics. The corresponding Bode-
phase diagrams (Fig. 14b) at high angles (~ 80°)
show wide regions with two distinguished overlap-
ping humps that are raised by the passive oxide layer
which consists of an outer porous layer and an inner
compact layer.

The EIS spectra were analyzed based on the elec-
trical equivalent circuits. The proposed electrical
equivalent circuit inserted in Fig. 14a involves two
parallel time constants and Rs which represent the
resistance of the PBS solution [53]. Owing to the
surface heterogeneity, CPE is used instead of the
ideal capacitor (C) in the equivalent electrical circuit
to compensate for the non-homogeneity in the sys-
tem. R;, determines the charge transfer resistance and
CPE;, determines the electrical double layer capacity
at the oxide layer/substrate interface. The extracted
data from EIS plots are represented in Table 4.
According to Table 4, the R;, and R, representing
the oxide layer barrier resistance at lower and higher
frequencies, respectively, increase by forming the



74 £0.1)

Table 4 EIS data of the substrate after immersion for 24 h and OX2 after immersion for different times of 24 h, 1, 4, 8, 12, and 16 weeks in the PBS solution (pH

Barrier layers

Immersion time  Outer layers

Specimens

X2

RTotal (MQ-sz)

Rin (MQ.cm?)

Tout Rowe (kQ.cm?)  CPE;, (WF.em™2.8™"Y  n;,

CPEy (uF.cm™2.8"1)

2.1E-4
0.1E-3
0.3E-4
0.6E-4
1.3E-3
0.3E-4
1.0E-4

0.310 £+ 0.021
0.372 £+ 0.034
6.353 +£ 0.102
5.080 £+ 0.192
5.046 £+ 0.10

4.332 + 0.021
4.186 + 0.175

0.30 £+ 0.31
0.36 + 0.01
6.31 £ 0.07
5.04 £0.13
5.01 £ 0.05
433 £ 0.82
4.16 £ 0.19

0.68 £ 0.03
0.71 £ 0.07
0.95 £ 0.05
091 £+ 0.07
0.89 £+ 0.03
0.89 + 0.01
0.86 £+ 0.03

0.30 £ 0.01
0.41 + 0.03

10.28 + 0.21
12.26 + 0.17
43.09 + 0.73
40.68 £ 0.19
36.04 £+ 0.07
28.51 £ 0.11
26.38 + 0.02

0.71 £ 0.03
0.78 £ 0.01
091 £ 0.02
0.89 £+ 0.09
0.86 £+ 0.03
0.85 + 0.06
0.82 £ 0.02

0.78 £ 0.01

Bare

1.82 £ 0.02
5.37 £ 0.01
2.61 £ 0.03
2.72 + 0.03

24 h

0X2

1.33 £ 0.02

1-week

1.29 £ 0.26
1.28 £ 0.03
2.69 £ 0.12

4-week

8-week
12-week

1.47 £ 0.04
4.10 £ 0.03

1.61 £+ 0.03

16-week
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oxide layer on the surface of the substrate (compare
Zr-2.5Nb substrate and OX2-24 h specimens). The
grain in the ZrO, film formed on zirconium alloys
mainly has two morphologies: columnar in the
internal layer near the oxide/metal interface and
equiaxed in the cracked outer layer [41]. Ry, which
illustrates the outer porous layer of the ZrO, coating
is only 360 kQ cm? whereas R;, is 98 MQ cm? which
indicates the excellent barrier performance of the
inner layer.

The EIS spectra are recorded for longer immersion
times of 4, 8§, 12, and 16 weeks to investigate the
electrochemical properties of the ZrO, coatings and
their stability in the biological environment. The
Nyquist plots during 16 weeks of immersion in PBS
solution are represented in Fig. 15a. According to
Fig. 15, the bode-phase diagrams of all specimens
consist of two humps at low and high frequencies,
representing the inner and outer layer time constants,
respectively. The hump present at lower frequencies
consists of two humps that merged and formed one
hump and are formed due to the inner compact layer
of the oxidized coating and electrical double-layer
response. The one at higher frequencies is attributed
to the outer porous layer of the oxidized coating. As
shown in Fig. 15b, a maximum is observed at high
frequencies after 1 week of immersion in PBS solu-
tion at 37 °C. After 1 week of immersion in PBS
solution, the corrosion products plug the cracks
present on the surface of the oxide coatings, and the
corrosion resistance value increases. However, by
increasing the immersion time, the corrosion resis-
tance decreases again due to the penetration of
aggressive ions through the coating imperfections. By
continuing the time to 8 weeks, as shown by the
Bode-phase curves, the phase angles decrease at fre-
quencies less than 1 Hz, representing the decay in the
barrier performance of the barrier layer.

The results confirm that R;, at a longer time has the
order of MQ.cm® and plays an effective role in cor-
rosion resistance. Therefore, both the inner and outer
layers affect the barrier performance of the coatings.
Hence, the total coating resistance, Rt = (Rin + Rout),
can be used to describe the barrier effect of the
coatings. The chi-square (3 values shown in Table 4
reveal the magnitudes < 0.003 indicating the best
fitting of data. According to Table 4, the Ry of the
coating is quite large and increases with exposure
time after 16 weeks indicative of gradual loss of the
barrier performance of the coating. However, Ry after

@ Springer
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Figure 15 a Nyquist and b bode-phase plots of OX2 in PBS solution at pH 7.4 during immersion for 16 weeks. lines and symbols

represent the fitted and experimental data, respectively.

Figure 16 SEM images of OX2 after immersion in PBS for a 24 h and b 16 weeks.

16 weeks is still big enough to reveal a complete
barrier in PBS.

It may be attributed to the stable oxide coating
consisting of m-ZrO, and t-ZrO, phases which block
the electrolyte from penetrating the vulnerable region
(coating) consequently elevating the resistance [54].
The microstructure and surface morphology, phase
composition, and thickness of the coating are
important factors that affect corrosion performance.
While phase composition effects in the short term, the
thickness and porosity are affecting factors in the
long term [55]. As mentioned previously, in the OX2
specimen, the ZrO, coating with the compact barrier
layer with higher relative density and less porosity
are beneficial to corrosion resistance. It is concluded
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that although the coating thickness may be effective
in determining corrosion performance, porosity and
surface morphology may have an essential role. The
corrosion attack can occur when the substrate is
exposed to the penetrated aggressive solution, which
shows an additional capacitive loop. Considering
Fig. 16a, no corrosion attack and corrosion product
were observed even after 16 weeks of immersion in
PBS due to the high protection offered by ZrO,
coating. The surface morphology of the OX2 speci-
men after immersion for 24 h and 16 weeks is shown
in Fig. 16. No holes are observed in the coating sur-
face thus which confirms the lack of significant cor-
rosion attack or notable degradation of the oxide
layer compared to the pristine surface morphology



(Fig. 2b) indicating high stability in the solution.
Additionally, the pores on the coating surface are
relatively small and able to limit diffusion of the
corrosion medium [56]. The high corrosion and tri-
bocorrosion resistance of the OX2 specimen bode
well for orthopedic implants such as knee joints.

Conclusions

Thermal oxidation was performed on the Zr-2.5Nb
alloy in the air at different operating.

temperatures and times. The following conclusions
are.

1. The black oxide layers prepared at 523 °C were
compact regardless of oxidation time and had the
suitable thickness and roughness for biomedical
applications.

2. The resultant microcrystalline zirconium oxide
layer in all specimens was composed of mono-
clinic and tetragonal phases and had high adhe-
sion to the substrate.

3. The thickness of the oxide coating increased
significantly at higher temperatures but beyond
700 °C, the coating became white and delami-
nated from the substrate.

4. The maximum value of micro and nanohardness
and elastic modulus were obtained for the oxide
layer prepared at 523 °C for 4 h.

5. Tribocorrosion tests revealed that no decrease
occurred in the potential during sliding in PBS for
OX2 and OX3 coatings, especially those formed at
a lower temperature. This means that the wear
scar did not penetrate the coating to reach the
substrate confirming the high scratch resistance.

6. The smallest volume loss in the tribocorrosion
test was achieved for the specimen treated for 4 h
at 523 °C. This can be attributed to the largest
H/E ratio in which delamination was the major
wear mechanism.

7. Thermal oxidation at 523 °C for 4h also
increased the corrosion resistance and according
to long-term electrochemical impedance test
results, the corrosion resistance was still high
even after 16 weeks of immersion in PBS.
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