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Abstract: Monolayer Ta and multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings were prepared by magnetron
sputtering on TC4 substrates to improve the surface friction and wear properties in a simulated body
fluid (SBF) environment and an atmospheric environment. Optical microscopy, scanning electron
microscopy, laser scanning confocal microscopy and nano scratch testing were employed to establish
the structure-property-environment relationships. By controlling the preparation parameters, the
outermost layer of all three samples was Ta coating, and the total coating thickness of each sample was
about 3 um. Friction and wear testing revealed that, compared to bare TC4 substrate, and multilayer
Ti/Zr/Ta and Zr/Ti/Ta coatings, the monolayer Ta possessed the lowest friction coefficient as well
as the minimum wear rate (i.e., calculation result of the wear track width and wear depth). This
was mainly attributed to excellent adhesion strength, a particular structure and solid lubrication of
the monolayer coating. The same coating sample exhibited a stronger wear resistance in the SBF
environment than in the atmospheric environment. Furthermore, the wear behaviors and mechanisms
of various coatings under different experimental environments are also discussed.

Keywords: titanium alloy; tantalum coating; magnetron sputtering; friction and wear properties;
wear morphology

1. Introduction

Metallic biomaterials such as tantalum (Ta), zirconium (Zr), titanium (Ti) and Ti alloys
have been extensively used in clinical applications [1-6]. Especially in orthopedics and
stomatology, advanced material preparation technology of the metal implants used in hard
tissues keep reaching new efficacies for skeletal reconstructive surgery, recently referred
to as “the operation of the century” [2]. Among numerous biomedical materials, Ti-6Al-
4V (TC4) alloys have been developed for artificial arthroplasty, being among the first Ti
biomaterials introduced into implantable components and devices [7]. However, due to
the toxicity effects caused by Al and V and poor wear resistance, the development of
novel implant materials for prostheses with desirable mechanical strength, wear resistance,
biocompatibility and structural biostability in physiological environments has become an
urgent clinical task.

In the recent decades, Ta has been shown to be a promising material for biomedical
applications owing to its impressive ductility, wear resistance, chemical inertness, acid
and alkali corrosion resistance, and in vivo bioactivity. These characteristics allow Ta to
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form chemical bonds with bone tissue, thereby initiating the biomineralization kinetics and
optimizing the osseointegration process [8-10]. Moreover, since the 1940s, Ta has been used
both in vitro and in vivo in various forms of medical instruments such as rods, wires, artificial
joints, spinal fusion cages, dental implants, micro- or nano-particles, and radio markers [11].
Because of its high melting point (3017 °C), high density (16.6 g/cm?) and the low reserves
of Ta [12], it is impractical to manufacture large-scale Ta implants in the same way as
Ti implants. Thus, the application of the bulk Ta implants in orthopedics and dentistry
is limited by a too high specific gravity as well as the high prices of raw materials and
fabrication. In order to reduce the costs and combine the mechanical properties of TC4
alloy substrate with the bioactivity of Ta metal, using Ta to modify the surface of TC4 alloy
has become one of the important ways to promote the application of Ta material.

The introduction of Ta into coatings via surface modification technologies is a reliable way
to improve the surface and biological properties of biomedical metallic materials [8,10,13-15].
For example, Hee et al. [15] used a filtered cathodic vacuum arc deposition technique-the so-
called bio-stable surface treatment—to prepare Ta and related nitride films on TC4 alloy, after
which both the Ta and TaN films exhibited improvement in corrosion resistance. Further-
more, the heterogeneous multilayer coatings are also within the scope of many studies on
biocompatible materials. Echavarria et al. [14] developed a new Ta/TaN/TaNx(Ag)y/TaN
coating system using unbalanced DC magnetron sputtering. The release of Ag to the
osteoblast medium enabled one to improve the cell adhesion and differentiation of the
TaNx(Ag)y composite coating so as to achieve an appropriate balance between biocompat-
ibility and bacterial adhesion. Moreover, according to Ma et al. [16], Ta/TaN multilayer
coatings prepared by reactive magnetron sputtering in combination with ion implantation
possessed outstanding cohesive strength, wear resistance and corrosion resistance, and
their service life increased 5 times compared to that of the basic material. From the above
studies, it is evident that multilayer coatings demonstrate superior biological, mechanical
and tribological properties compared to monolayer coatings [17]. For heterogeneous multi-
layer biocoating, the selection of intermediate or transition layer materials generally follows
the principles of non-toxic, low cost, reduced stress level and effective barrier. Ti and Zr are
biological non-toxic elements, which are expected to not only reduce the toxic ions’ precipitation
from the substrate but also further decrease the cost of coating preparation. Therefore, these
two elements can be introduced into the multilayer coating as intermediate layers.

The tribological property of the prosthesis surface is one of the important criteria for
practical application [18,19]. During surgical implantation, the prosthesis is tapped into
the medullary cavity of the bone, and the friction between the prosthesis and the bone
provides stability in the early implanting stage. After that, implants are inserted to realize
the function of living tissues in the human body. Meanwhile, their continuous contact with
tissues and body fluids produces friction and wear. In view of this, when considering wear
induced coating failure, both the body fluid environment and atmospheric environment
should be taken into account. However, few reports on the wear behavior of implants in
atmospheric and body fluid environments have been divulged to date.

In this work, the monolayer Ta coating and the multilayer Ti/Zr/Ta and Zr/Ti/Ta
coatings were prepared by magnetron sputtering on TC4 substrates. The friction-wear tests
were carried out under both dry and simulated body fluid (SBF) solution conditions to
compare the wear behaviors of coatings. The surface topography, microstructure, phase
composition, and adhesion of the coatings were thoroughly characterized. The influence
of coating structure on the tribological properties as well as the abrasion mechanisms of
the coatings were investigated as well. This paper aims at a comparative study of the
differences of the friction and wear behaviors / properties between the monolayer and
multilayer coatings, and the same coating samples in two different environments. The
research results will provide theoretical guidance for the practical application of Ta coating
in the field of biomaterials.
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2. Materials and Methods
2.1. Materials

The biomedical Ti alloy used in the present work was TC4 ELI alloy (hereinafter
referred to as TC4) was produced by Carpenter Technology Corporation according to
ASTM F136 standard. Compared to the counterparts, this TC4 alloy possessed low contents
of interstitial elements (C, N, and O) and Fe as the impurity element. The TC4 alloy was
processed into & 13 mm x 3 mm plate samples (substrates) by employing an electric spark
cutting machine. The substrates were then ground with 150#, 360#, 600#, 1000#, 2000#, 3000#
and 5000# SiC sandpapers. After being polished to a mirror-like surface and ultrasonically
cleaned in ethanol, the substrates were put into a vacuum chamber and cleaned by argon
ion etching in order to remove any surface contaminants. Subsequently, the Ti, Zr and Ta
coatings were directly deposited onto the substrates by sputtering Ti (99.995%), Zr (99.9%)
and Ta (99.95%) targets using a magnetron sputtering deposition system (Kurt J. Lesker
PRO Line PVD). The base vacuum of the system was 2 x 107! Pa and the working gas
was argon. The target faced the sample holder, and the sample holder allows rotation of
the substrates during deposition. The deposition temperature was measured by using a
thermocouple which was set at the back of a sample holder (a 2 mm thick stainless steel
disc). The substrate heating temperature and sputtering power were set at 200 °C and
150 W, respectively. The applied bias voltage on the substrate was set at —90 V (direct
current, DC) to obtain the monolayer Ta coating and the multilayer Ti/Zr/Ta and Zr/Ti/Ta
coatings. The average deposition time of the monolayer Ta coating was 90 min, and those
of Ti, Zr and Ta in the multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings were approximately 90,
60 and 30 min, respectively. The outermost layers of all three coatings were Ta coatings. In
addition, the working time was set at 30 min for DC. The series of produced experimental
samples were labeled as TC4, Ta, Ti/Zr/Ta and Zr/Ti/Ta.

2.2. Experimental Methods

X-ray diffraction (XRD) analysis was conducted using a D/max-2500/PC diffrac-
tometer with Cu K« radiation, and the diffractograms were recorded within the 26 range
from 20° to 100° with a step size of 0.02°. The cross-section and wear morphology of the
coatings were observed in a scanning electron microscope (SEM, Hitachi SU5000, Tokyo,
Japan) and an optical microscope (OM, Leica DM6000M, Wetzlar, Germany). The chemical
composition was determined by means of an energy dispersive spectrometer (EDS, EDAX
TEAM, Philadelphia, PA, USA) integrated in the SEM equipment. The adhesion property
was evaluated via nano-scratch testing (Agilent Nano indenter G200, Santa Clara, CA,
USA) using a round diamond indenter with a radius of 4.6 um. During measurements,
the load increased linearly from 0 mN to 400 mN, and the scratch length was 500 pm. The
X-photoelectron spectroscopy (XPS, ESCALAB 250Xi, Waltham, MA, USA) experiments
were performed on the outer surfaces of coatings to analyze the chemical bonding state
therein, and the Cls signal was used as the binding energy reference. To evaluate the tribo-
logical properties of the coatings in different environments, the wear tests were conducted
in a SBF solution at ambient temperature (25 &= 3 °C) using an Anton Paar Ball-on-disk
tribometer TRB and in the atmospheric environment by means of a Bruker Tribometer
UMT-5 (Billerica, MA, USA), respectively. During wear tests, GCr15 steel balls (J 6 mm)
were used as the friction partners; the normal load was 2 N, the wear radius was set at
3 mm with the line speed of 5 cm/s, and the effective stop condition was 3000 laps. A laser
scanning confocal microscope (Olympus LEXT OLS4100, Tokyo, Japan) was employed to
assess the surface roughness of the coatings via the acquisition of wear track 2D profiles
and 3D microtopography images. More details about the experimental procedure can be
found in our previous study [13].
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3. Results and Discussion
3.1. Structural Characteristics

Figure la displays the experimental XRD patterns of the samples and the standard
peak positions of various common phases in pure Ti and Ta, according to ICDD/JCPDS
databases. The TC4 substrate revealed a typical « + 3 dual-phase structure, as can be
seen from the matching of the corresponding diffractogram with the standard o (PDF#
44-1294) and 3 (PDF# 44-1288) phase related diffraction peaks at the bottom of Figure 1a.
Only the Ta-related peaks were detected in the coating samples: while the monolayer
coating consisted of «-Ta (PDF# 04-0788) phase, the outermost Ta layer of the multilayer
coatings mainly consisted of x-Ta with a small amount of 3-Ta (PDF# 25-1280) inclusions.
Generally, the «-Ta phase with a body-centered cubic lattice is stable at normal temperature
and pressure, whereas the 3-Ta phase with a tetragonal lattice is metastable. Gladcuk [20]
and Myers [21] reported that the reduction in both persistent thermal effects and coating
thickness could result in the formation of the metastable 3 phase. On the one hand, the non-
equilibrium solidification occurred during magnetron sputtering, which is typical of this
technology and is beneficial to the nucleation and growth of the metastable 3-Ta phase [22].
On the other hand, it is easier to obtain the 3-Ta phase when the Ta layer approaches
the thin-film material. The thicker coating provides sufficient time and temperature for
the equilibrium phase transition during deposition. The larger the thickness is, the more
similar the coating material is to the bulk material, which is conducive to the growth of a
stable phase. Therefore, the thick monolayer Ta coating consisted of the o phase, whereas
the predominately stable x-Ta phase with a small number of metastable 3-Ta inclusions
could co-exist in the outermost layers of Ti/Zr/Ta and Zr/Ti/Ta coatings.
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Figure 1. Basic characteristics of the sample surface. (a) XRD patterns of TC4 and the different coating
samples with insert standard peak position of pure Ti and Ta, (b) XPS spectra of TC4 and the different
coating samples, and (c) surface roughness of the samples without and with coatings.

XPS was applied to obtain more information about the surface composition and state
of chemical bonding of the experimental samples (Figure 1b). Surface composition and
chemical states are ones of the important factors affecting surface properties, especially
corrosion behavior and electrochemical corrosion performance. Since Ti, Zr and Ta as well
as their alloys are passivated metals, their corrosion resistance strongly depends on the
passivation film generated on the surface. For all samples, the peak with the binding energy
of around 530 eV (O 1s) was attributed to a metal oxide. The Ti 2p XPS spectra showed that
the main component of the passivation film on the TC4 substrate was TiO;. Three groups
of peaks at 20-28 eV (Ta 4f and Ta), 220-240 eV (Ta 4d) and around 401 eV (Ta 4p) were
detected in the coating samples, which corresponded to TayOs5, TaO,, TaO and metallic
Ta. It is noteworthy that the presence of high valence oxides decreases the corrosion rate
and stabilizes the passivation film of the alloy [23]. Our previous work [13] has discussed
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the surface chemical states and the effect of high-valence oxide TayOs on the corrosion
resistance of coating samples. In this study, the composition of the coating samples was
the same, and all of them had the Ta outermost layer and possessed high purity, which
resulted in similar XPS spectra. This consistency of chemical states is more conducive to
the investigation of the effect of structural differences on the surface properties of coatings.

The surface roughness (R,) of the TC4 substrate and various coating samples is
presented in Figure 1c. The parameter R, of polished TC4 substrate was controlled below
0.1 um, and after coating preparation, the R, values of the coated samples were increased
to 0.2 um. The basic characteristic parameters of the different samples are listed in Table 1.
From the R, results, the variation of surface roughness is mainly affected by the nucleation
and growth of each layer. A common growth mode of polycrystalline films is the Volmer—
Weber mode [24], which comprises three stages: (i) island nucleation and growth, (ii) island
coalescence, and (iii) post-coalescence film thickening. After the final stage, a continuous
film is growing, and the surface will have a tendency to form a grain structure leading
to an increased surface undulation. In addition to this, the electrical parameters during
deposition, the composition and structure of coatings can also affect the R, of the coating.
Under the joint action of these factors, the surface roughness increased.

Table 1. Basic characteristic parameters of different samples.

Samples TC4 Ta Ti/Zr/Ta Zr/Ti/Ta
Surface roughness (R, / tm) 0.074 £ 0.009 0.187 £ 0.012 0.192 £ 0.021 0.212 £ 0.015
Total 2.87 Total 2.93
. . Ti 1.03 Zr 0.82
Coating thickness (um) \ 3.18 7y 0.84 Ti 111
Ta 1.00 Ta 1.00

Fracture cross-sectional SEM images of the coatings are shown in the Figure 2, and
the results for the coating thickness are listed in Table 1. According to the images, all the
outermost layers of the samples were Ta, and the total coating thickness of each coating
was about 3 um. The multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings contained Ti, Zr and Ta
layers with an average thickness of 1 um, respectively. The original intention of the sample
preparation is that each coating has the same thickness. However, in order to ensure the
continuity of the target material deposition, each subsequent layer was sputtered in advance
manually, which was mainly affected by the human factors. Moreover, the deposition rates
of the three metals were different. To achieve the roughly the same thickness of each layer,
the deposition time of layers also varied. A slight deviation in time or deposition rate
would have led to different thicknesses of the constituent layers within the margin of error.
In the right side of the figures, a columnar structure inside of the monolayer coating was
normally coarser than that in the multilayer coatings, which could be attributed to the long
duration of sputtering. The extended deposition time, in turn, caused the accumulation of
more kinetic energy and the increase of the temperature near the coating, triggering the
formation of coarser columnar structures [8,25]. In addition to this, the interlayer interface
of the multilayer structure would also have effectively hindered the growth of the columnar
grains. In multilayer coatings, the growth of some columnar grains stops at the layer
interfaces, while others start growing, as the layer interfaces provide more opportunities
for the nucleation of new crystal grains. These processes result in a refinement of crystal
grains, although there were columnar structures crossing the interlayer interface by reason
of the advance deposition of next coating material. The columnar crystals were still difficult
to grow into the third layer (i.e., through the entire thickness direction) due to the blocking
effect of the phase interfaces and grain boundaries. Therefore, the coarser and longer
columnar structures of the monolayer Ta coating were observed after the continuous single
element deposition.
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Figure 2. Cross-sectional morphology of the (a) Ta, (b) Ti/Zr/Ta and (c) Zr/Ti/Ta coatings.

Adhesion of the coating is one of the key factors in the service life of coating prod-
ucts [8]. In this study, the scratch method was applied to evaluate the critical adhesion
loads of the monolayer Ta and multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings. As the in-
dentation load increased, the fracture, delamination, fragmentation and even peeling off
from the substrate occurred along the direction of the scratch. In this paper, the critical
load can be used to characterize the bonding force between the coating and substrate. To
evaluate the adhesion of coatings, the minimum critical adhesion load was determined at
the moment when the coating first peeled off or the TC4 substrate was first exposed during
the scratch test. Figure 3 depicts the nano-scratch morphologies of the coating samples,
and the locations of the matrix first exposed are also marked.

The critical adhesion load of the monolayer Ta was ~265 mN, which was significantly
higher than that of the multilayer Ti/Zr/Ta (~183 mN) and Zr/Ti/Ta (~178 mN). As shown
in the figure, the scratch track of Ta was smooth and narrow before the first fracture. As
the load increased to ~265 mN, the coating cracked and the TC4 substrate was exposed,
showing a clear and uniform scratch track. The enlarged images (Figure 3b—d) show the
locations of the matrix first exposed (i.e., critical adhesion load) of each coating sample
as determined by SEM after carrying out the scratch. It can be found that the scratch of
sample Ta was relatively smooth and clear, with only a small piece of Ta coating peeling
off. However, the coating started to be broken when the critical adhesion load was reached.
Coating cracks spread rapidly to both sides of the scratch, where crushed and broken
coating fragments accumulated. Sparse cracks propagated in the direction perpendicular
to the scratch and were parallel to each other; meanwhile, the crack propagation depth
was shallow, and the coating fragmentation area was small as well. The morphologies
of the scratch track of the Ti/Zr/Ta and Zr/Ti/Ta coatings were similar, indicating a
linear increase in the width of the scratch with increasing load. At the location of first
fracture (Figure 3c,d), large ares of delamination of the coatings occurred, resulting in
the substrate exposure. Delamination and failure of the Zr/Ti/Ta coating was the most
obvious, exhibiting a large area of brittle spalling on both sides of the scratch. This brittle
fracture mechanism prevails with the formation of transverse cracks [26]. Consequently,
the adhesion of multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings was weaker than that of single-
layer Ta coating, mainly because the chemical bonding, lattice misfit and van der Waals
forces between the interlayer and the layer-substrate had the more serious effects on the
interlayer synergies.
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Figure 3. The scratch graphs of monolayer Ta coating and multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings.
(a) Overall scratch graphs and (b—d) representative areas of the matrix first exposed on the samples
Ta, Ti/Zr/Ta and Zr/Ti/Ta.

3.2. Tribological Properties

Friction and wear tests of the current samples were carried out in ball-on-disk mode at
room temperature in the SBF solution and atmospheric environment, respectively. Figure 4
shows the friction coefficient (COF) and wear rate curves of the samples in the two test
environments. In the SBF solution environment (Figure 4a), the fluctuation of the COF
value under the influence of liquid flow and resistance was obvious. The variation trend of
COF was similar for all samples: it first increased in the initial stage, then decreased in the
running-in state, and finally leveled off in the steady wear state. The average COFs of the
TC4 substrate, Ta, Ti/Zr/Ta and Zr/Ti/Ta in the solution environment were 0.52, 0.33, 0.39
and 0.46, respectively. In the atmospheric environment (Figure 4b), the COF values changed
to a slight extent. Meanwhile, those of the coatings showed a tendency of gradual increase
and stabilization, while the COF value of the TC4 substrate experienced a large increase
and decrease in the breaking-in period (500-1500 laps), indicating the distinguishable
wear behavior. The average COFs of the TC4 substrate, Ta, Ti/Zr/Ta and Zr/Ti/Ta in the
atmospheric environment were 0.67, 0.52, 0.59 and 0.60, respectively. The overall wear in the
same environment varied in descending order as follows: Ta — Ti/Zr/Ta — Zr/Ti/Ta — TC4,
which was also confirmed by the wear rate (WR) results (Figure 4c). However, the WRs of
the same sample greatly varied under different experimental conditions; in addition to this,
both the COF and WR were significantly higher in the atmospheric environment than in
the SBF solution.
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Figure 4. The friction coefficient of the TC4 substrate and the different coating samples at room
temperature in (a) SBF solution and (b) atmospheric environment, and (c) wear rate of the TC4
substrate and the different coating samples in two experimental environments.

Figure 5 displays the wear track morphologies of the experimental samples in the
SBF solution environment under different magnifications. Thanks to different imaging
tools and contrast degrees, SEM and OM can bring out more detail about morphological
features for comparative analysis. In this study, the laser scanning confocal microscope
was used to characterize the wear tracks in the coatings, and the corresponding 2D-profile
morphologies and 3D images are shown in Figure 6. According to Figure 5a—c, the typical
deep and wide wear tracks as well as the parallel grooves with black debris have appeared
in the worn TC4 substrate. Given the 2D and 3D morphological profiles in Figure 6a—c, the
width and depth of the track reached ~568.8 um and ~3.8 um, respectively, revealing the
most severe wear among the coatings under consideration. On the contrary, the monolayer
Ta coating had the minimum track width (~263.9 pm, Figure 5d) and the shallowest wear
track (~263.9 pm, Figure 6d—f). As seen from the zone I in Figure 5f, the abrasion of Ta
was mainly concentrated on one side of the wear track. Severe friction positions displayed
the furrow morphology, indicating the abrasive wear; meanwhile, the smooth glazed
layers appeared on the friction surface. Moreover, as shown in Figures 5g-1 and 6g-1, the
multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings exhibited similar depth and width of the tracks,
and their wear resistance was better than that of the TC4 substrate. However, the wear
mechanism of Ti/Zr/Ta and Zr/Ti/Ta is quite different from that of TC4 substrate. Except
for the wear debris and grooves, the coating fragmentation and delamination existed at
the edge of the wear track, as shown in zone II (Figure 5i) and zone III (Figure 51). Under
the scouring action of the solution, few fragments adhered to the unpeeled coating. At the
edge of the abrasion track, the delamination was obvious, and the ruptured edge of the
coating was clear.
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Figure 5. The OM and SEM wear track morphologies under SBF solution environment of (a—c) the
TC4 substrate, (d—f) the Ta, (g-i) the Ti/Zr/Ta, and (j-1) the Zr/Ti/Ta. (I-1II) are the zones inside and
outside the wear track of the Ta, Ti/Zr/Ta, and Zr/Ti/Ta, respectively.
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Figure 6. 3D morphologies and 2D profiles of wear track under SBF solution environment of (a—c)
the TC4 substrate, (d—f) the Ta, (g-i) the Ti/Zr/Ta, and (j-1) the Zr/Ti/Ta.

Figures 7 and 8 depict the wear track morphologies along with the 2D and 3D mor-
phology profiles generated in the atmospheric environment. According to the width and
depth of the wear track, the antiwear performance of Ta was superior to that of Ti/Zr/Ta,
Zr/Ti/Ta and TC4 substrate. The overall wear of all samples was consistent with the results
obtained in the SBF solution. Under the double action of thermal and oxidation influences,
the furrow morphologies and tongue-shaped wedges appeared on the wear track of TC4
substrate, demonstrating that the wear behaviors were affected by mechanisms of adhesive
wear and abrasive wear simultaneously (Figure 7c). After the preparation of the monolayer
Ta coating, the edge of the wear track was blurred, and the track surface was smeared
with black debris which might be the product of wear transferred from the counterpart
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ball. This appeared as the island bulge in the middle of the track, as seen from the color
contour plot in Figure 7d. In Figure 7d, the inside (zone II) and outside (zone I) of the
wear track also exhibited different wear conditions. The gradually wearing Ta coatings and
glazed layers with adhering debris can be observed in zone I and zone 1I, respectively. This
nonuniformity of the unilateral compressive state might have been caused by the errors
associated with the sample placement. Under the dry friction condition, the multilayer
Ti/Zr/Ta and Zr/Ti/Ta coatings still displayed a similar wear resistance to that of TC4
substrate. Compared with the solution environment, the area of the coating at the edge
of the wear track was larger (see zone IIl in Figure 7h and zone IV in Figure 7k), and the
broken outermost layer still adhered to the substrate after the wear test. Furthermore, by
comparing Figures 6 and 8, a round valley-like morphology was found in the wear scar of
the multilayer samples after dry friction; besides, the furrows were clearer and the degree
of wear increased. Although the step profile was blurred at the edge of the wear track in
the 2D profiles, it was still observed due to the high detection accuracy and large signal
fluctuations, providing evidence for coatings peeling off. The wear parameters of all the
experimental samples are listed in Table 2 for reference analysis. Considering the wear
morphologies and wear parameters, the anti-wear performance of the same sample in
the SBF solution environment was much stronger than that in the atmosphere environ-
ment. Moreover, the anti-wear performance of the Ta coating in the same experimental
environment exceeded that of the multilayer samples and TC4 substrate.

Table 2. Wear parameters of different specimens according to the morphology observation and
confocal laser analysis.

Experimental Environment SBF Solution Environment Atmospheric Environment
Samples TC4 Ta Ti/Zr/Ta Zr/Ti/Ta TC4 Ta Ti/Zr/Ta Zr/Ti/Ta
Average COF 0.52 0.33 0.39 0.46 0.67 0.52 0.59 0.60
WR (mm?®/N-m) (x107%) 1.90 0.29 1.07 122 7.83 2.19 6.77 6.36
Width of wear track (um) 568.8 263.9 535.3 550.2 834.6 318.5 812.6 813.9
Depth of wear track (um) 3.8 2.0 2.2 3.1 13.7 10.2 11.3 11.1

3.3. Abrasion Mechanisms

Under two different test environments, laminar tearing appeared on the wear track of
the TC4 substrate, and the wear mechanism was dominated by plastic deformation and
adhesive wear. Given the fact that the shear stress component of the normal force was
greater than the shear strength of the friction materials, shear deformation occurred, and
laminar tearing patterns formed [27]. However, the GCr15 ball was harder than the TC4
substrate, and the friction contact surface of the ball was gradually roughened with the
sliding wear, resulting in abrasive wear on the soft surface of TC4 substrate. Adhesive
wear and abrasive wear occurred simultaneously on the monolayer Ta coating. Unlike the
TC4 substrate, the adhesive wear of the monolayer Ta was due to the increase of surface
hardness after the coating deposition, which made the GCr15 ball become a soft friction
pair, and the increase of surface roughness. Under the stress state, the two friction surfaces
are affected by the effect of solid bonding, and the adhesive wear is generated by the
adhesion of these surfaces at the micro-convex position [28]. For all the coating samples in
the atmospheric environment, there were severe furrows on the wear track, indicating that
the wear mechanism of abrasive wear was more significant. Figure 9 displays the schematic
illustration of macroscopic wear mechanisms within the coatings in different environments.
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Figure 8. 3D morphologies and 2D profiles of wear track in atmospheric environment of (a—c) the
TC4 substrate, (d—f) the Ta, (g-i) the Ti/Zr/Ta, and (j-1) the Zr/Ti/Ta.

According to the above results, the samples in the SBF solution demonstrated lower
COF and WR values as well as a shallower and narrower wear track than those in the
dry condition, suggesting the remarkable dependence of the TC4 substrate and coatings
on the wear environment. Generally, lubrication is conducive to the protection of the
friction materials, and the solution along with the electrolyte perform as lubricants during
the sliding contact [19,29,30]. In addition, the friction pair slides to drive the flow of the
solution in the environment. Under the scouring action of the solution, the debris generated
in the last lap will be washed away or continuously suspended in the liquid, which reduces
the wear caused by the abrasive debris and plays a friction-decreasing role. Although there
were abundant ions in the solution, their erosion effect was not significant due to the short
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SBF solution

Liquid hlbrication

Scouring action \

tribological wear period, and no obvious corrosion wear was been detected. The macroscopic
friction and wear mechanisms in the SBF solution environment are shown in Figure 9a.

b c

ear direction

ear direction Wear direction

Atmospheric environment Atmospheric environment

Heat effect + Wear debris +
Heat effect + Wear debris Fragment of multilayer film

Monolayer Monolayer Multilayer
Substrate Substrate Substrate

Figure 9. Schematic illustration of macroscopic wear mechanisms of (a) the monolayer Ta in SBF
solution environment, (b) the monolayer Ta in atmospheric environment and (c) the multilayer
coating in atmospheric environment.

In the same experimental environment, the wear parameters of multilayer Ti/Zr/Ta
and Zr/Ti/Ta coatings were similar, being slightly better than that of TC4 substrate and
lower than that of monolayer Ta. The wear mechanisms of monolayer and multilayer
coatings were quite different under the dry condition, wherein the wear patterns were
clearer and convenient for the analysis. It can be seen from Figures 7f and 10a that the
wear damage of monolayer Ta at the edge of the wear track has been caused by a gradual
wear process. However, the edges of the wear tracks in the multilayer Ti/Zr/Ta and
Zr/'Ti/Ta coatings (Figure 7i or Figure 10b) were well-defined and accompanied by the
coating damage, indicating that the brittle failure mechanism played an important role in
the abrasive wear. This is because of poor cohesion and adhesion caused by the composi-
tion of each layer, structure of the coatings, interface structure and residual stress in the
coatings [31-33]. It is noteworthy that distinguishing between the layer-to-layer adhesion
and the coating-to-substrate adhesion is a challenge. Good adhesion strength between the
coating and the underlying substrate is a key requirement for wear-resistant protective
coatings [32]. The fracture behaviors were also presumably related to the hierarchical
design [33], in this study, the discontinuous columnar structure created by hierarchical
deposition further reduced the adhesion of the multilayer coating. Furthermore, the coating
became thinner and the cyclic stress imposed on the substrate/coating interface increased
under the progressive wear. Depending on the adhesion between the coating and the
substrate, a rapid decohesion of the film below a critical coating thickness (or a threshold
stress value) will be activated, leading to a failure of the whole coating [28]. Each layer in
the multilayer coating was relatively thin, resulting in a critical coating thickness, that is,
the layer-by-layer peeling off was easily induced. In general, the metastable tetragonal 3
phase of Ta is harder and more brittle than the « phase [34,35]. The existence of 3 phase in
the outmost layer of the multilayer coating promoted the brittle fracture and the formation
of a neat cleavage plane. Then, the fragments of the exfoliation layer together with the
wear debris aggravated the abrasive effect and wear rate under the influence of friction
heat effects (Figure 9b,c).
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Figure 10. EDS results at typical wear locations of (a) the monolayer Ta and (b) the multilayer
Ti/Zr/Ta coatings after dry friction test. (I-1II) are the spots in the wear characteristic zones of the Ta,
and (IV-VI) are the spots in the wear characteristic zones of the Ti/Zr/Ta.

The reason for high durability of the monolayer Ta coating was that, in addition to
the excellent coating structure and coating-substrate adhesion, it had the large thickness
and exhibited a certain solid lubrication and wear-reducing effect. As a sufficiently thick
coating prevents the friction pair from reaching the substrate, it has caused the wear to
occur in the Ta coating. Thus, the possibility of excessive adhesion and plastic deformation
was reduced [29]. Ta is a typical passivated metal which can be covered by a thin oxide
layer under normal temperature and pressure, and the above XPS results could confirm the
existence of TapOs on the coating surface. Qin et al. [36] have explained the mechanisms
for good lubrication of the Ta oxide from three aspects: (i) formation of Ta oxide reduces
the shear stress on tribofilm, (ii) low wear conditions, and (iii) continuous formation of
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lubricating wear products on the contact surface. In this study, as the friction process
proceeded, steady Ta oxide layers formed on the worn surface of the Ta coating under the
higher friction contact temperature, thereby leading to larger areas of oxide films formation
on the worn surface. These oxide films, serving as efficient solid lubricant [36,37], could
reduce adhesion between the coating and the GCr15 steel ball, thus decreasing the COF.
The result of COF reduction can be confirmed by Figure 4a,b. Hence, the monolayer Ta
coating provided sufficient thickness for the formation of oxides and continuous wear.

Figure 10 depicts the EDS spot scanning results on the monolayer Ta and multilayer
Ti/Zr/Ta surfaces after wear testing, which further confirmed the occurrence of the above
wear behaviors. When the factors of the signal drift, spot size, analysis method (spot or
area analysis), excitation volume, shading, time of acquisition, etc., are taken into account
in the precise detection process, the margin of error represents the reliability of EDS data.

It is generally known that the error on the main element is less than 10%, the error
on the element with the content of 1 wt.%-3 wt.% is less than 30%, and the error on the
element with the content lower than 1 wt.% is below 50%. So, when the error rate exceeds
50%, the data will be deemed invalid [38]. In this study, conventional methods were used
in EDS detection, which was mainly applied for qualitative analysis, and the measurement
accuracy was much lower than that of the precise detection. All possible elements were
selected in the program, and the data presented in Figure 10 were the original data, among
which the EDS results with high error rate and low content could be judged to be unreliable.
The reliable element content results could be used to determine the dominant elements
in the detected area, and these results could be also used to confirm the wear and layer
peeling of the coatings. For the worn monolayer Ta coating, spots labeled I, IT and III are
the locations of mild wear, severe wear and transferred material, respectively. The result
at spot I revealed that the main element was Ta, and there was a small amount of coating
wear at this position. As the wear evolved, Fe and a small amount of Ta were detected (spot
II). Abundant iron was detected where the substrate material was fully exposed (spot III),
which was transferred from the ball to the sample disk as a result of adhesive wear. In the
top of Figure 10a, a mixture of incomplete peeling coating particles and their oxides was
also observed, which was important evidence of abrasive wear. For the worn multilayer
Ti/Zr/Ta coating, the EDS spot scanning was conducted at the edge of the wear track. No
sliding wear track was observed at this position, but the coating was splintered and peeled
off, suggesting the mechanism of brittle fracture. The bottom right corner in Figure 10b
shows the plastic deformation morphology of the substrate undergoing wear after the
coating failure. The results at spots IV, V and VI revealed the presence of Ta, Zr and Tij,
respectively, which were consistent with the coating structure design. Some fragments
were also observed on the surface of each layer. Therefore, the findings of this study further
explained the differences in wear resistance and wear mechanisms between the monolayer
and multilayer coatings.

4. Conclusions

In this work, the monolayer Ta and multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings
were prepared on TC4 substrates by magnetron sputtering. The microstructure, surface
composition, tribological properties and wear mechanisms of the coatings were studied.
Based on the results, the conclusions can be drawn as follows.

The XRD data revealed that the TC4 substrate consisted of the typical « + 3 dual
phase, whereas only the stable bcc x-Ta phase was detected in the monolayer Ta coating,
and the stable bcc «-Ta phase together with metastable tetragonal (3-Ta inclusions coexisted
in multilayered Ti/Zr/Ta and Zr/Ti/Ta coatings. The XPS spectra showed that the main
component on the surface of the TC4 substrate was TiOy, and those on the coating samples
were the high-valence TayOs oxides accompanied by a small amount of TaO,, TaO and
metallic Ta.

The R, increased from below 0.1 um for the uncoated substrate to around 0.2 um
after the coating deposition. Coating growth was followed Volmer-Weber mode, and the
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tendency of the surface to form grain structure resulted in increased R,. The total coating
thickness of each coating sample was about 3 um. The monolayer Ta coating exhibited
the continuous and coarse columnar structure, while that of the multilayer coatings was
discontinuous and fine.

After the scratch tests, only a small piece of Ta coating peeled off on the monolayer Ta;
however, the substrates were completely exposed on multilayer Ti/Zr/Ta and Zr/Ti/Ta
coatings at the locations of the critical adhesion loads. The first fracture of the monolayer Ta
and multilayer Ti/Zr/Ta and Zr/Ti/Ta coatings occurred when the load reached 265, 183
and 178 mN, respectively, indicating that the monolayer Ta coating had stronger adhesion
than that of multilayer coatings.

In both the SBF solution and atmospheric environments, the results on the COFs,
WRs, depth and width of the wear track of the monolayer Ta coating were the best among
the all studied samples. The corresponding values for Ti/Zr/Ta and Zr/Ti/Ta multilayer
coatings were similar but slightly exceeded that of the TC4 substrate. Thanks to the
liquid lubrication and scouring action, the wear parameters of all the studied samples
in the solution environment were significantly better than those under the dry condition.
Moreover, the wear mechanism of the monolayer Ta coating was different from that of
multilayer coatings. The monolayer Ta coating possessed the best wear resistance, which
was attributed to its dense coating structure, good adhesion to the substrate, sufficient Ta
coating thickness, and solid lubrication effect of the oxide. For good lubricating properties,
the friction heat caused continuous production of Ta oxide, and the Ta oxides reduced
adhesion between the friction pairs effectively decreasing the COF. Furthermore, the
monolayer Ta coating provided sufficient thickness for oxide formation in continuous
wear. The main wear mechanisms of the monolayer Ta were abrasive wear and adhesive
wear. The worn surface of the monolayer Ta was relatively smooth with a small amount
of debris hindering the initiation and propagation of cracks. In contrast, the anti-wear
properties of multilayer coatings were weak owing to the poor layer-to-layer and coating-
to-substrate adhesion as well as the discontinuous columnar structure. Therefore, a mixture
of abrasive wear and brittle fracture was identified as the predominant wear mechanism of
the multilayer coatings, and the considerable wear debris produced in the friction process
resulted in a increase of wear loss.

The WRs of the monolayer Ta coating were 0.29 x 10~# and 2.19 x 10~* mm?/N-m in
the SBF solution and atmospheric environments, respectively. Compared with the substrate
and the multilayer coatings, the wear resistance of the monolayer Ta coating is improved
by 84% and 72%—76% under solution conditions, 72% and 66%—-68% under dry conditions,
respectively, showing it to be a promising material for biomedical applications.
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