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Abstract. The purpose of this work is to justify the feasibility of using the technology of
microplasma sputtering from wire materials to obtain porous coatings for biomedical purposes, the
modulus of elasticity of which is close to the corresponding characteristic of human cortical bone
tissue. Analyzed the influence of the technological parameters of the microplasma sputtering regime
on the degree of porosity of the coating. As a result, it was found that a decrease in current strength
and consumption of plasma-forming gas, as well as a decrease in the speed of feeding the sprayed wire
into the plasma jet lead to an increase in the porosity of the coatings. Even though these parameters
are interrelated, for each individual material are limited by certain limit values, in case of non-
observance of which the stable process of melting and dispersion of the sprayed wire in the plasma jet
becomes impossible. Established the limit parameters of the microplasma sputtering process for
titanium alloy VT1-00 and zirconium alloy KTC-110, which allows obtaining a coating with
maximum porosity. Conducted studies of the adhesion strength of the obtained coatings, formed
through a low-porous sublayer, with the maximum degree of porosity according to the ASTM C633-
13 (2017) method which proven that the indicators of the adhesion strength of the coatings to the VT6
titanium alloy base at normal separation meet the requirements of the international quality standard
ISO 13179- 1:2021.

Keywords: biocompatible coatings, microplasma spraying, wire materials, structure, porosity,
static strength.

Introduction and Problem statement

One of the main problems with the use of metal endoprostheses in orthopedics and traumatology
is the discrepancy between the modulus of elasticity of the bone and the implant, which slows down
regeneration and osseointegration [1]. It is known that the modulus of elasticity of coatings depends on
the porosity of the material [2]. Thus, reducing the difference between the modulus of elasticity of the
bone and the implant is possible with the application of a porous coating on the surface of the implant
by the method of microplasma spraying (MPS) [3], as the modulus of elasticity of such coatings can
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decrease by more than an order of magnitude, compared to the original sprayed material, depending
from the mode parameters of sputtering [4].

In addition, increasing the porosity of the coating allows not only to reduce its modulus of elasticity,
but also to increase the strength of the bond between the bone and the implant due to the growth of bone
tissue into a rougher microrelief of the coating with the presence of open pores [5, 6].

The research was conducted within the framework of funding of the National Academy of Sciences
of Ukraine under grant 0121U112006.

On the other hand, an increase in the degree of porosity leads to a decrease in other mechanical
characteristics of the coating, including its strength, therefore, excessive porosity can cause premature
destruction of the coating, and the difference in the modulus of elasticity of the coating and the base can
cause its peeling due to uneven elongation and the occurrence of tangential stresses at bending at the interface
of layers [7, 8]. In any of these cases, there will be a need for a prosthetics revision through repeated surgical
intervention [9]. Thus, the approximation of the modulus of elasticity of the coating to that of bone, due to
the increase in the porosity of the former, is possible only up to some of its limiting values. Therefore, the
problem lies in the comprehensive analysis of the microstructure along with the determination of the adhesive
strength of porous coatings.

Review of Modern Information Sour ces on the Subject of the Paper

Recently, a sufficient number of works have been devoted to the study of the microstructure of
coatings in order to determine the most favorable pore size for the integration of bone tissue into the implant,
which indicates a significant scientific interest in this issue. For example, work [10] provides some research
data on the determination of the adhesion strength of a porous titanium powder coating to the adjacent bone
tissues of laboratory animals, according to which, with pore sizes of 100-300 um, the shear strength reaches
its maximum after 2—3 months, while the increase pore size leads to a decrease in the adhesive strength of
the bone with the implant. Experimental data on the osseointegration of titanium and hydroxyapatite-coated
implants in dog bones are given in work [11], according to which it was concluded that the optimal size of
open pores for effective integration of bone tissue is 300-500 pum. In work [12], it is recommended to ensure
the presence of pores of different sizes (from less than 20 um to more than 100 um), while the pores must
be interconnected. And in work [13] it is indicated that in titanium specimens, the pore size of 100-200 um
is better for stimulating cell adhesion and increasing antibacterial properties compared to pores of 355-
500 um or with completely dense specimens. As you can see, the given data significantly differs, therefore,
by means of their comparative analysis, the pore size in the range of 50...300 microns can be considered
acceptable. Studies [14] showed that the desired degree of porosity of the surface layers of the implant
(coating) should be in the range of 15-35 %.

After analyzing the literary sources, it is easy to see that all of them refer to coatings made of titanium
and its alloys. However recently, zirconium-based alloys are increasingly used in orthopedic practice, which
are more biocompatible compared to titanium alloys, as they do not contain toxic elements [15]. Therefore,
the purpose of the work is to study the microstructure and establish the strength indicators of coatings made
of zirconium alloy KTC-110 with the maximum possible porosity, as well as their comparison with the
parameters of similar coatings made of titanium alloy VT1-00.

In accordance with the set goal, the main tasks are quantitative analysis of the volumetric porosity of
coatings made of KTC-110 and VT1-00 alloys and experimental verification of the compliance of their
adhesion strength indicators with the requirements of current international standards.

Main Material Presentation

Basing off the currently known methods of forming coatings [16], the powder sintering method
provides the highest porosity degree. Thus, in work [17], using this method, we were able to obtain powder
coatings from the VT1-00 alloy with a porosity of 37 %. However, with an increase in the porosity of such
coatings, the decrease in the modulus of elasticity is less intense, compared to the coatings applied by the
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MPS method. Thus, according to the work [18], the coating made of the VT1-00 alloy, obtained by the
powder sintering method, had a modulus of elasticity of 37.7 GPa with a porosity of 28.6 %, while according
to the work [3], the coating made of the same alloy, applied by the method MPS, even with a porosity of
13.7 %, had a modulus of elasticity in the range of 35.4-38.5 GPa. Thus, it can be concluded that the MPS
technology is more likely to be able to provide the elastic modulus of coatings in the range of changes in the
corresponding characteristic of human cortical bone tissue (12-30 GPa [19]).

In case of using a powder spraying, to obtain a large number of volumetric pores with a size of up to
300 pm, the coating must be formed from partially solidified particles that are in a thermoplastic state and
have a negligible velocity before contact with the substrate. If there is insufficient volume of the liquid phase
in the partially melted particles, their interaction with each other does not ensure the formation of a strong
connection, as a result there is a high probability of destruction of the coating due to low cohesive strength.
Because of this, it is technologically difficult to ensure the desired structure of coatings when they are sprayed
from powder materials. It is possible to avoid the disadvantages of powder spraying by forming highly porous
coatings due to spraying using wire materials. In the process of sputtering of the wire the sputtered particles
completely melt in the plasma jet [20], so their collision with the substrate occurs in the presence of a
significant amount of liquid phase, as a result the formed coatings have sufficient cohesive strength due to a
larger area of mutual contact between the particles during their deformation.

Per the experiments made in [21] as a result, a stable process of spraying titanium wire with a
microplasma jet proceeds when using a wire with a diameter of 0.3 mm. Since the possibility of the droplet
detaching from the wire by the plasma jet is determined by the surface tension of the metal o, as for titanium
(o = 1.558 J/m?) and zirconium (c = 1.455 J/m?) these values are very close, so for applying a coating of
zirconium alloy KTC-110, was also used a wire with a diameter of 0.3 mm.

During microplasma sputtering, the degree of porosity of the coating depends on the volume fraction
of the weak phase and the speed of the particles at the time of their contact with the substrate. Thus, the most
dense structures with minimal porosity are formed from completely melted particles that have a sufficient
speed to deform into a disk-like shape upon impact with the filing of the surface. Since the volume fraction
of the insufficient phase in the particles increases with the temperature of the plasma current, it must be made
as small as possible to increase the porosity.

The temperature of the plasma jet is determined by the strength of the current I, the voltage of the
plasma arc U and the consumption of the plasma-forming gas Gy, but the variation of these parameters is
only possible within certain limits. So, with a current below 16 A, the amount of heat will be insufficient to
ensure the process of melting and dispersing sprayed wires of a certain diameter, and the consumption of
plasma-forming gas for the KTC-110 alloy must be at least 160 I/h, and for the VT1-00 alloy — at least 140
I/h At a spraying distance H of less than 40 mm, the dispersed particle will not have time to reach a speed
sufficient enough to be fixed on the substrate by the time it collides with it, and overheating of the forming
coating will also occur due to the influence of the plasma jet. The specified restrictions determine the limit
parameters of the process, which allow obtaining a coating with maximum porosity (Table 1).

Tablel
Parameter s of the modes of microplasma spraying of wires

Wire material VT1-00 VT1-00 KTC-110 KTC-110

(sub layer) (coating) | (sub layer) (coating)
Current strength (1), A 24 16 26 16
Plasma arc voltage (U), B 30 40 31 30
. Plasma-forming, (Gp) 220 140 160 160
Gas consumption, I/h Protective, (Gy) 600 600 600 600
Spraying distance (H), mm 50 40 40 40
Wire feed speed (Vw), m/min 4.3 3.0 4.8 2.9
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The voltage of the plasma arc is automatically regulated by the microplasmatron depending on the
current strength and consumption of the plasma-forming gas, and therefore is a concomitant parameter of
the process.

The speed of feeding the sprayed wire V., into the interelectrode gap depends on the one hand on the
power of the plasma jet, and on the other hand on the diameter of the wire and the thermophysical properties
of the material. Since the melting temperature of zirconium (T; = 1855 °C) is slightly higher than the
corresponding melting temperature of titanium (T = 1672 °C), the feed rate of the KTC-110 alloy wire was
assumed to be slightly lower for the minimum possible amount of heat released by the plasma jet, knife for
VT1-00 alloy.

A structure analysis was made on the specimens of the obtained coatings, to determine the degree of
porosity using an optical technique (image analysis method) according to ASTM E2109-01(2014) [22],
which consists in determining the ratio of the area accounted for by the pores to the entire surface area. The
digital image of the coating structures (Fig. 1) was processed using Image-Pro Plus software (Media
Cybernetics, USA), which allows measuring the porosity content by highlighting inclusions that differ in
color and brightness.

Fig. 1. The structure of microplasma coatings with maximum porosity:
a—from KTC-110 alloy; b — from alloy VT1-00.

According to the results of data processing, the porosity of the KTC-110 alloy coating is 20.3 % with
the size of the largest pores in the range of 80-230 pum, and the control specimens of the VT1-00 alloy
coatings had a porosity of 25.0 % with the size of the largest pores in the range of 50-200 microns. Therefore,
according to the investigated indicators, the obtained coatings are suitable for use on the surfaces of implants
and endoprostheses.

However, in addition to the properties of the microstructure, biomedical coatings still have to meet
certain requirements regarding their mechanical characteristics. In particular, sprayed coatings made of
titanium and its alloys, which are applied to the surface of endoprostheses, in accordance with the
requirements of the international quality standard 1SO 13179-1:2021, must provide an indicator of adhesion
strength to the base for separation cad, determined according to the ASTM C633 — 13 (2017) method, not
less than 22 MPa. Therefore, to increase the adhesion strength of the coating to the base, it was applied
through a pre-sprayed sublayer with a small fraction of porosity, which firmly connects to the base, and its
rough surface provides adhesion to the next layer [23]. As a result, on the modes indicated in the table. 1, a
sublayer of KTC-110 alloy was applied with a porosity of up to 3 % and of VT1-00 alloy with a porosity of
up to 7 %.
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According to the above-mentioned method of determining the adhesion strength of the grafting of gas-
thermal coatings with the base at normal separation, a series of five cylindrical specimens with a diameter
of 25 mm, coated on the end, with similar counter-specimens without coating, attached with glue, is subjected
to axial stretching (Fig. 2) with fixation of the load, at which the destruction of the connection occurs.
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Fig. 2. Specimen placement scheme for determining the adhesion strength
of the coating to the base during tear-off: 1 — specimen;
2 — coating; 3 — glue; 4 — counter-specimen

Coatings of KTC-110 and VVT1-00 alloys were applied to cylindrical specimens of VT6 titanium alloy
and connected to the counter-specimen using VK-9 glue (60 % epoxy resin and 40 % hardener), after which
they were fixed motionless with force pressure of 5 MPa and held for at least 1 hour at a temperature of
60 °C for glue polymerization. As a result, 5 specimens with each of the coatings were obtained (Fig. 3).

a b
Fig. 3. Specimens for measuring the bond strength at normal separation with a coating:
a - from alloy VT1-00; b — from KTC-110 alloy

A special tool was used to fix the specimens in the grips of the test setup. It has a hinged connection,
which allows it to avoid bending stresses due to the eccentric application of the axial load (Fig. 4). This
design of the device ensures a more uniform stress-strain state of materials in the area of contact between the

coating and the base, since the axial force is applied normally to the interface between the coating and the
base and simplifies the centering of the specimens during tests.

Fig. 4. Device for fixing specimens for tensile tests of coatings
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Static tensile tests of pre-prepared specimens with a coating were performed on a universal mechanical
machine 2054 P-5 at a speed of 2 mm/min with fixation of the maximum value of the axial force, which was
observed before the destruction of the specimen (Fig. 5).

Fig. 5. Universal complex 2054 P-5 for mechanical tests with equipment for determining
the adhesion strength of coatings to the base

After the connection was broken, the nature of the fracture zone was evaluated (coating-substrate,
coating-glue, fracture inside the coating), as a result, it was established that the fracture of all 10 specimens
occurred in the middle of the coating layer, which indicates its good adhesion to the base.

The adhesion strength of the coating at normal separation was calculated according to the formula

_ 4P
csad TCd2 ’ (1)
where Pmax is the maximum amount of effort achieved during the loading process; d is the diameter of the specimen.

The results of the calculations (Table 2) showed that the tensile strength of the coating for the KTC-
110 alloy is 23.8-32.2 MPa, and for the VT1-00 alloy — 25.8-31.2 MPa, which fully meets the requirements
of the current standard 1SO 13179-1:2021.

Table 2
Results of tests of specimenson the adhesion strength of coatingsto the base
Specimen No. Coating material Force (Pmax), H Cohesion strength (cad), MPa
1 KTC-110 12940 26.8
2 KTC-110 15270 31.6
3 KTC-110 10440 21.6
4 KTC-110 15380 31.9
5 KTC-110 13540 28.0
6 VT1-00 14353 29.7
7 VT1-00 12894 26.7
8 VT1-00 14194 29.4
9 VT1-00 11955 24.8
10 VT1-00 15228 31.5
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According to the results of the analysis of the nature of the destruction in the glue-coating-base system
(Fig. 6), it was figured that the peeling of the coating from the base in all specimens is no more than 5 %,
and the destruction occurred inside the coating. This indicates that the adhesion strength of the coating to the
base exceeds the obtained values, and the formed porous coating on the specimens was not impregnated with
an adhesive mixture to the base and interacted only with the surface, which confirms the correctness of the
conducted experiment.

a b
Fig. 6. Coating destruction: a — from VVT1-00 alloy; b — from KTC-110 alloy.

Conclusions

The limit parameters of the MPS process of wire materials, at which the coatings made of titanium
and zirconium alloys will have the maximum degree of porosity were evaluated. Thus, at a current of 16 A,
consumption of plasma-forming gas 140 I/h, a spraying distance of 40 mm, and a speed of feeding the sprayed
wire of 3.0 m/min, it was possible to obtain a highly porous coating of titanium alloy VT1-00 with a porosity
of 25.0 % and the size of the largest pores in the range of 50-200 pum, and at the consumption of plasma-
forming gas 160 I/h, the speed of spraying wire 2.9 m/min and the same indicators of current strength and
spraying distance — a coating made of zirconium alloy KTC- 110 with a porosity of 20.3 % and the size of
the largest pores in the range of 80-230 microns.

Was confirmed that all investigated high-porous microplasma biocompatible coatings made of KTC-
110 and VT1-00 alloy, which are applied through the sublayer, have the necessary adhesive strength of the
bond with the base (more than 22 MPa) and meet the requirements of 1ISO 13179-1:2021.
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