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ABSTRACT

The work deals with the technology of microplasma spraying of biocompatible coatings from Zr-Nb alloy and their properties.
On the surface of a porous Zr—Nb coating with the most developed surface microrelief, the presence of both open macropores of
up to 300 pum in size and micropores of up to 10 um in size was revealed. The X-ray phase analysis of the formed Zr-Nb coat-
ings showed the presence of phases of a-solid solution of Zr, oxide (ZrO,), nitride (ZrN) and carbide (ZrNbC,). The corrosion
resistance of a microplasma Zr—Nb coating and Ti6Al4V alloy in a solution of 0.9 % NaCl, which simulates the environment of
the human body, was determined. It is assumed that Zr—Nb alloy coatings produced by microplasma spraying on the surfaces
of existing Ti6Al4V alloy endoprostheses will allow for the future improvement in corrosion resistance and osseointegration

between the bone and the implant.
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INTRODUCTION

Currently, the titanium-based alloy of the Ti6A14V
alloying system is the most widely used in the man-
ufacture of orthopaedic implants [1]. However, the
bioinertness of the surface of Ti6A14V alloy implants
negatively affects the formation of a functional bond-
ing between the implant and the bone [2]. In addition,
long-term operation of Ti6A14V alloy implants in
close contact with human bone and soft surrounding
tissues leads to the release of alloying elements such
as vanadium and aluminium and the manifestation of
pathological reactions in the body. For example, alu-
minium interferes with bone mineralization, leading
to structural deficiencies, while vanadium is highly
cytotoxic and can cause allergic reactions [3].

Since the implant surface is the first to interact
with the surrounding living tissue after implantation,
the characteristics of the implant surface (such as its
topography, hydrophilicity, roughness, etc.) play a
dominant role both in the interaction of cells with the
metal implant as well as in the subsequent processes
of its osseointegration [4].

It is possible to increase the biocompatibility of
existing Ti6A14V alloy implants by modifying their
surface to provide appropriate functionality. Thus, ap-
plying coating on the implant surface is one of the
most important technological techniques to provide
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the surface with chemical and physical properties that
will contribute to the overall increase in the biocom-
patibility of the entire implanted product. Among the
methods that are being actively researched and are be-
coming widespread in the application of biocompat-
ible coatings from powders and wires, microplasma
spraying (MPS) is distinguished [5, 6].

Zirconium-based alloys are increasingly being used
as materials to improve the biocompatibility of im-
plants due to their unique properties, such as the for-
mation of an internal bone-like layer of apatite on their
surface in the body, lower artefactuality in diagnistics
by means of magnetic resonance imaging due to low
magnetic susceptibility, as well as their excellent over-
all biocompatibility, high mechanical properties and
corrosion resistance in body biological fluids [7, 8].

In addition to the chemical composition of the
coating, the process of osseointegration is significant-
ly influenced by the developed relief of its surface,
the presence and size of open pores in the coating [9].

In [10], it is reported that a pore size of more than
100 um is necessary for a successful bone formation
process, while the recommended pore size should
be about 300 um. A similar pore size in the range of
200-400 pum is reported in [11] as a one promoting
osteoblast adhesion, migration, and proliferation. The
morphology of the surface microstructure also con-
tributes to the conditions for cell adhesion on it. It was
determined that microscale topography has a number
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of advantages. For example, the micron size of the
open pores can improve the roughness and surface
area, as well as increase the contact between the im-
plant and the bone. This effect of interaction between
the implant and the bone, as was shown by the re-
search results, largely contributes to osseointegration.
In addition, the microlevel topography can block and
stabilise fibrin flow, which can attract osteoprogenitor
cells to colonise at the implant-bone interface. Most
importantly, microscale surface topography can im-
prove initial cell adhesion and differentiation [12].

Thus, V.E. Li confirms that micro- and nanorough-
ness of the contacting surface with the bone work
synergistically to increase the efficiency of osseointe-
gration of orthopaedic implants [13]. The results of
histological studies show that a rougher surface relief
promotes osseointegration processes [14].

K. Matsuzaka evaluated the effect of implant sur-
face on the proliferation of osteoblast-like cells and
showed that cells are fixed on surfaces depending on
their relief, and their predominant number was ob-
served on protrusions over 5 pm [15].

It is also indicated in [16] that with an increase in
the surface roughness of the coating from R = 3.7 um
to 56.1 um, the bonding of a titanium implant with a
bone tissue increases by 4 times (from 5.38 = 1.96 to
21.63 £2.51 MPa, respectively).

At present, the recommended average surface
roughness for titanium orthopaedic implants is in a
wide range (0.07-100 um) [17], but systematic study
of the effect of surface roughness on biocompatibility
was not conducted. The authors of [17] indicated that
the optimal range of surface roughness of orthopae-
dic implants should be 20-25 um. Although an in-
crease in the roughness index improved the adhesion
and cell proliferation on the surface of Til3Nb13Zr
alloy samples in their experiment, it also increased
the areas with stress concentration, worsening the
bending strength and contributing to the formation of
cracks. In [18], it is noted that the high roughness R =
=118.19 £ 9.06 um of the surface of orthopaedic tita-
nium implants can interfere with cell proliferation. It
is assumed that a decrease in the rate of cell prolifer-
ation on base samples with increased roughness may

Table 1. Limit values of the studied parameters of the MPS pro-
cess of Zr-Nb coating

Parameters max (+) | min (-)
Current 7, A 26 16
Plasma-forming gas flow rate Q , I/h 240 160
Spraying distance H, mm 120 40
Wire feed rate ¥/, m/min 4.8 2.9

be the result of an unfavourable biological reaction
to increased interaction with titanium. Thus, the poor
osseointegration of titanium implants may be caused
by the effect of titanium on the surrounding tissues.
The literature presents different approaches to the se-
lection of the optimal range of surface roughness of or-
thopaedic implants. Accordingly, using the recommend-
ed indices of roughness, in the future it will be necessary
to investigate the produced surfaces for biocompatibility.

THE AIM

of this work is to investigate the elemental composi-
tion of the surface of the coating applied by microplas-
ma spraying of Zr—Nb alloy wire onto the Ti6A14V
alloy base, its topography, index of corrosion resis-
tance in the environment similar to the human body,
and adhesion strength to the base.

MATERIALS, EQUIPMENT,
AND EXPERIMENTAL PROCEDURES

The formation of Zr—Nb alloy coatings from a wire
with a diameter of 0.3 mm was carried out on a set
of the MPS-004 equipment for microplasma spraying
[19] on samples of Ti6A14V alloy.

Previously, as a result of the analysis of the cal-
culated feed rate of Zr-Nb alloy wire, the required
amount of heat of the microplasma jet, and practical
experience in producing biocompatible coatings in
the MPS-004 installation, the limit values of the MPS
mode parameters were determined (Table 1) for fur-
ther study of their influence on the process of forming
biocompatible coatings from Zr—Nb alloy.

When determining the limit values of the MPS tech-
nological parameters, it was taken into account that at
a current below 16 A and a plasma gas flow rate of less
than 160 I/h, the thermal and gas-dynamic characteristics
of the jet would not be sufficient to ensure the melting
process of a 0.3 mm diameter Zr—Nb wire with its sta-
ble dispersion [19]. Therefore, the criteria for the limit
values of the mode parameters were also selected taking
into account the possibility of ensuring of both spraying
as well as coating formation processes.

X-ray diffraction studies and chemical analysis
were performed in the D8 ADVANCE Bruker diffrac-
tometer (Bruker, USA). The coatings were scanned at
a voltage of 30 kV and at a magnification of x200.

The surface morphology of the formed coatings was
studied by analysing the obtained images in the Philips
SEMS515 using BE+SE sensors, an acceleration voltage
of 20 kV and an electrode heating current of 40 mA.

Photos of the 3D profiles of the coating surfaces
were obtained by means of the Huvitz HDS-2520
optical profiler (Gyeonggi, Republic of Korea) with
a resolution of + 0.1 um at optical magnification of
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Table 2. Chemical composition of Zr—Nb coating surface produced at MPS parameters /=16 A; Q=160 V/h; H=40 mm; V, = 2.9 m/min

39-:| 58395 Scanning arca Content of chemical elements, at.%
>~ - ; Al Ca Zr Nb
. 1 0.4 0.3 97.2+0.9 2.1+£0.3
2 0.2 - 98.1+0.8 1.7£03
3 0.2 - 97.5+0.8 23+0.3
4 0.3 04+0.1 97.5+£0.8 1.8+03
5 0.2 - 97.7+0.8 2.1+£0.3

x5, x20, and x50. The scanning area for each mea-
surement was randomly selected to ensure reproduc-
ibility of the measurements and was approximately
700x500 um?. Area roughness parameters were cho-
sen because they provide more informative values
than line parameters.

The study of the 3D surface topography and the
surface roughness parameter of the coatings over the
area of 2D maps was carried out using Mountains®
9 software (Digital Surf, Besancon, France). The
arithmetic mean deviation of the surface roughness
profile (S,) of the coatings was determined within a
standard deviation of £ 0.1 um in accordance with
ISO 25178-2:2021.

The corrosion resistance of the coatings on
20x15%2 mm samples was studied for 1 h in a con-
centrated solution of 0.9 % NaCl with a concentra-
tion of ions close to human blood plasma. In the con-
figuration of the electrical circuit, the samples under
study acted as working electrodes, while the reference
electrode was a platinum electrode. The Tafel extrap-
olation values were used to determine the corrosion
current density (/) and corrosion potential (£_ ).
The polarisation curves were obtained in a solution
0f 0.9 % NaCl at 20 °C in the voltage range of —250—
+250 mV and a scanning rate of 1 mV/s.

The adhesion strength of the coating to the base
was determined using the static uniaxial tensile meth-
od in accordance with ASTM C633-13:2021. The
number of tested coated samples was not less than 5
pcs. Tensile tests of each set of bonded sample assem-
blies were performed in a universal mechanical ma-
chine 2054 P-5 (SPC TechMash) at the same loading
speed of 2 mm/min.

RESEARCH RESULTS AND DISCUSSION

The studies of the chemical composition of the sur-
face of Zr—Nb coatings (Table 2) showed that they are
similar to the initial material, which includes Zr, the

average value of which is about 97.6 + 0.82 at.% and
Nb 2 + 0.3 at.%, which corresponds to the industrial
zirconium KTZ-125 alloy. Also, a small amount of Al
and Ca was recorded, the content of which was less
than 1 at.%, which can be considered as impurities in
the composition of Zr—Nb alloy.

X-ray phase studies of Zr—Nb wire and surfaces
of coated samples are presented in the form of X-ray
diffraction patterns (Figure 1).

Comparing the X-ray diffraction patterns, it was
found that complete melting of Zr—Nb wire in the mi-
croplasma jet and subsequent cooling of the dispersed
particles on the surface of the base leads to the forma-
tion of coatings consisting of a-solid Zr solution with
the presence of ZrO, oxide, ZrN nitride and ZrNbC,
carbide inclusions.

The intensity of the peaks on the X-ray diffraction
pattern and the similarity of the detected phases do
not change with the variation of the MPS mode pa-
rameters and are observed on all coated samples. In
terms of inclusion content in the coating, ZrO, phase
prevails, which will further act as an inhibitor of the
dissolution rate of the coating when it contacts with
the surrounding fluids of the human body. The de-
tected ZrN phase indicates the nitrogen saturation of
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Figure 1. X-ray diffraction pattern of Zr-Nb coatings at MPS pa-
rameters: mode / — =26 A, Q=240 I/h, H =120 mm, V=
=4.8 m/min; mode 2 — =26 A, Q =160 Vh, H=40 mm, V=
=4.8 m/min; mode 3 —7=16A, Q0 =160 Vh, H=40 mm, V=
=2.9 m/min
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A R
Figure 2. SEM morphology of Zr-Nb coating surface produced at
MPS parameters /= 16 A; Q=160 I/h; H=40 mm; V =2.9 m/min

the atomised particles when moving in the microplas-
ma jet at a temperature of 670 K. This indicates that
protection in the form of blowing a microplasma flux
with atomised Zr particles by a stream of argon pro-
cess gas is not sufficient to effectively separate them
from atmospheric gases during coating formation.
The presence of ZrNbC, inclusions in biocompatible
coatings can contribute to an increase in the hardness
of these coatings, but at the same time reduce their
plasticity and adhesion strength to the base, as well as
inclusions of oxides and nitrides.

It is known that both the size and pore content in
the volume of the structure of Zr—Nb coatings as well
as the microrelief of their surface layers are affect-
ed by the state and deformation of dispersed particles
forming the coating, which in turn is determined by
the parameters of the MPS mode [20]. The volume
porosity content in the structure of Zr—Nb coatings
was in the range of (2.8 £0.1) — (20.3 = 2.0) %, while
the highest volume porosity content in Zr—Nb coatings
was formed on the mode with parameters / = 16 A;
Q =160 Vh; H=40 mm; V= 2.9 m/min [20].

The study of the surface morphology of Zr—Nb
coatings (Figure 2) showed that it is characterised by
heterogeneity with many surface branches in the form
of depressions and protrusions and open macropores

P 100 um

£

Figure 4. Morphology of the surface with macro- (7), micro- (2)
pores of Zr-Nb coating formed at MPS parameters /=16 A; O =
=160 l/h; H=40 mm; V= 2.9 m/min

of up to 300 = 50 um in size. Due to the dispersed
particles, which were completely molten, Zr—Nb
coatings were formed from disc-like splats. Due to
the presence of residual stress in splats, the surface of
Zr-Nb coatings had microcracks that formed due to
rapid heat transfer and cooling processes. The formed
cracks lead to the stress relaxation in the coating,
while the porosity itself can be a way to reduce the
modulus of elasticity of the coating and bring it closer
to the bone, but it is also a dangerous factor that inten-
sifies the degradation process at the interface between
the coating and the base [21].

The surfaces of Zr-Nb coatings with the most
pronounced microrelief had a roughness of § =17 +
+ 0.1 um (Figure 3).

A similar index of surface roughness, which pro-
motes osseointegration processes, was obtained in
[22] for a biocompatible titanium coating.

The study of the morphology of the surfaces of Zr—
Nb coatings revealed not only open macropores up to
300 um in size, but also micropores of up to 10 pm in
size, which were located on the apexes of the coating
protrusions formed from partially deformed dispersed
particles from Zr—Nb wire (Figure 4).
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Figure 3. 2D (a) and 3D (b) topography of the surface microrelief of Zr-Nb coating produced at MPS parameters / = 16 A; O =

=160 Vh; H=40 mm; V= 2.9 m/min
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Figure 5. Polarisation diagrams of the dependence of the anode corrosion current density of Zr—Nb-coated samples (a) and Ti6A14V

alloy base samples ()

According to the literature, the results of the de-
tected roughness and porosity will allow increasing
the biocompatibility of the coating surface and ensur-
ing a stronger bone-implant bonding due to the pres-
ence of places for fixation of the bone matrix and ac-
celeration of the osseointegration process [23].

The carried out studies of the adhesion strength of
Zr—Nb alloy coatings applied to the surface of Ti6A14V
alloy samples showed that its average value for coatings
with a thickness of 300 = 10 pm with a volume pore
content 0of 20.3 +2.0 % was 26 = 2.1 MPa. Since there is
currently no standard that defines the required adhesion
strength of biocompatible Zr-Nb coatings with a po-
rous structure to the surface of implants, their compar-
ison was performed in accordance with the established
requirement in the international quality standard ISO
13179-1:2021 for porous titanium coatings produced by
plasma spraying on Ti6A 14V alloy surfaces. According
to the requirement of ISO 13179-1:2021, the average
tear strength of a biocompatible coating should be more
than 22 MPa. Therefore, the established adhesion of 26
+ 2.1 MPa, which characterises the adhesion strength
of Zr-Nb coating to Ti6A14V alloy base, meets the re-
quirements of ISO 13179-1:2021.

The results of studies of the corrosion resistance
of Zr—Nb coating produced by the MPS method and
from Ti6A14V alloy of the base after gas-abrasive
treatment are presented in the form of polarisation di-
agrams (Figure 5).

From the analysis of polarisation curves, it was
found that the plateau of the corrosion potential of
Zr-Nb coating was about 216 mV and was in a more
positive region of values than for Ti6A14V alloy
base, which was 310 mV. Thus, the corrosion resis-
tance of Zr-Nb-coated sample was higher than that
of Ti6A 14V alloy, which is explained by the presence
of a protective surface oxide layer of ZrO,, which re-
duces the corrosion rate by minimising the release of
ions into the biological environment and promotes the

process of osseointegration. Based on these charac-
teristics, zirconium and its alloys were proposed as
candidates for permanent implants [24].

An increased corrosion resistance mechanism is
also facilitated by a film of niobium oxide (Nb,O,),
which is formed along the boundaries of zirconium
dioxide crystals and promotes “healing” of defects in
the protective zirconium oxide film [25].

For all the studied samples of Zr-Nb coating
and Ti6A14V alloy base, the anodic slope of the
curve was similar to the cathodic slope of the curve
in the polarisation diagram, which indicates that the
kinetics of electron transfer for both the anodic and
cathodic components is the same for both cases.
The lower value of corrosion current density on Zr—
Nb-coated samples (Figure 5, a) indicates a signifi-
cantly lower rate of the corrosion process, which
confirms the better efficiency of the surface layer
protection by ZrO, oxide film. The similar results
are given in [26] on the example of protecting the
surfaces of magnesium alloys from corrosion in the
human body, where ZrO, oxide film is recognised
as more effective than TiO,.

From the obtained results of the corrosion be-
haviour of the studied samples and their analysis, it
was found that biocompatible Zr—Nb coatings pro-
duced by the MPS method will allow for much more
effective corrosion resistance in biological solutions
and an increase in the corrosion resistance of Ti6A14V
alloy, which is currently most commonly used in the
manufacture of implants.

CONCLUSIONS

1. It was determined that using the microplasma spraying
method on the mode with parameters / == 16 A, Q=
160 I/h, H = 40 mm, V= 2.9 m/min, the formation of
Zr—Nb coating with the most developed microrelief with
aroughness of § =17+ 0.1 um is ensured. In addition,
the presence of both macropores of up to 300 pm in size
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and micropores of up to 10 um in size was found on the
surface of a porous Zr—Nb coating.

2. X-ray diffraction studies of Zr-Nb coatings
showed that they consist of an a-solid solution of Zr
with the presence of oxide (ZrO, — prevailing num-
ber), nitride (ZrN) and carbide (ZrNBC,) inclusions.

3. The obtained indices of corrosion resistance of
Zr-Nb alloy coating samples in a solution of 0.9 %
NaCl showed that the plateau of the coating corro-
sion potential was in a more positive region of values
than for Ti6A14V alloy samples, which implies the
formation of a passive layer that is a protective barrier
against corrosion. The lower corrosion current den-
sity on Zr—Nb coating samples indicates their higher
electrochemical resistance to corrosion and indicates
a significantly lower rate of the corrosion process,
which confirms the better efficiency of the surface
layer protection by ZrO, oxide film.

4. As aresult of the study of the adhesion strength of
Z1—ND coatings with a thickness of 300 + 10 um with a
porous structure (pore content was 20.3 + 2.0 % in the
coating volume) with the surface of Ti6A 14V alloy sam-
ples, an average adhesion strength of 26 + 2.1 MPa was
obtained, which meets the requirements of ISO 13179-
1:2021 (over 22 MPa) and allows them to be used in
accordance with the requirements of biocompatible tita-
nium coatings on implant surfaces.
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