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Abstract: The present article focuses on a recently developed new system of alloys (Til5MoSi) coated
with ZrO,. The thin coatings deposition of ZrO, on titanium alloys can be a solution to improve their
corrosion resistance, biocompatibility, and to extend their long life with the human tissue. In order
to improve the corrosion resistance, atmospheric plasma spraying coatings with zirconia have been
performed. These coatings present a homogenous aspect with very few cracks. The novelty of
the research is that zirconia is much stable in the simulated body fluids and presents no harm effects
to the healing process of the bone. To analyze the thin coatings deposition, mechanical properties,
chemical structure, and corrosion resistance were examined by a modulus of elasticity, X-ray diffraction
(XRD), scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS), and linear
polarization. The results reveal that Young’s modulus shows a low value (51 GPa for Til5M00.55i-ZrO,
and 48 GPa for Til5Mo-ZrO;) and the XRD patterns show the presence of 3-Ti and ZrO, phases having
a tetragonal crystalline structure. The research highlighted the morphological aspect of zirconia
coatings on the new alloy titanium substrate, being an adherent compact coating with significantly
improved corrosion resistance. Moreover, the mechanical properties are similar to the biological bone,
which will avoid the stress shielding of the implant with bone tissue.

Keywords: Ti-based alloys; thin coatings; atmospheric plasma spray (APS); scanning electron
microscopy (SEM); energy-dispersive X-ray spectroscopy (EDAX)

1. Introduction

Health is a very important issue and researchers work hard to improve alloys for medical
applications [1]. Therefore, it is desired to improve both the classic technologies of implant execution
and the technologies of biomaterials synthesis, from which they are executed, with the ultimate goal of
promoting a new generation of multifunctional implants with long-term performance [2].

Biomaterials must be tolerated by the body for a long time (decades), and therefore, must meet
the functional requirements according to the medical specifications [3], in which they are to be used [4].
The biomaterials initially used for the manufacture of implantable devices, in contact with elements of
biological systems, were materials of general use, which met to a greater or lesser extent the specific
requirements of the medical field, being known as first generation biomaterials [5].

Coatings 2020, 10, 1216; doi:10.3390/coatings10121216 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-3593-9400
https://orcid.org/0000-0002-9292-749X
https://orcid.org/0000-0002-3878-9129
https://orcid.org/0000-0003-0817-3523
http://dx.doi.org/10.3390/coatings10121216
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/12/1216?type=check_update&version=2

Coatings 2020, 10, 1216 20f12

The materials used for medical applications must include biocompatible elements with mechanical
properties suitable for the system that replaces it and a high corrosion resistance [6]. A biomaterial is
a material used for the permanent or partial replacement of a living organ or system or for functioning
in close contact with active tissues. The main purpose is the use of biomaterials to repair human
tissues [7]. Artificial materials come in direct contact with the body or are introduced into the body,
which requires them to have certain characteristics in order to be accepted [8].

In recent years, second-generation biomaterials have emerged, which are synthesized given
the existence and control of physical, chemical, and biological processes at the implant/tissue interface,
so that normal cellular processes are stimulated [9].

Titanium and its alloys have attracted the attention of scientists [10] and are of great interest
for use in medical applications, since they have important characteristics, which are required by
implant materials including good mechanical properties (lower modulus of elasticity than stainless
steel or CoCr alloys, fatigue strength, strength corrosion), high biocompatibility, and a good corrosion
resistance [11,12]. These materials have multiple uses in orthopedics, dentistry, maxillofacial surgery,
and cardiovascular surgery [10,12].

The most widely used alloy and among the first titanium alloys used is Ti6Al4V [9]. Many researchers
have argued that this alloy causes allergic reactions in the human body. Since the biocompatibility of
the patient’s health is placed first, researchers have developed and investigated the second generation of
titanium alloys with alloying elements such as Mo, Ta, Zr, Si, etc. [13-17]. Compared with vanadium
and aluminum, the elements have shown a high biocompatibility. Ideally, non-toxic elements should be
selected as alloying elements in developing a biomedical alloy [18].

The use of zirconia ceramics as orthopedic implants and dental applications [19,20], has received
great attention due to their excellent properties. The papers in the field [21-23] highlight the layers of
ZrO, exhibiting an excellent wear resistance due to its phase constituent and a better corrosion resistance.

Vilardell et al. [24] performed comparative studies for different deposition methods (APS > HVOF
> CS), and showed that the APS method has a better cell adhesion and proliferation [25]. In the field
of coating techniques, there are several mentioned methods of deposition such as atmospheric
plasma spraying, as well as physical and chemical vapor deposition (PVD and CVD processes) [26].
Nevertheless, PVD and CVD techniques have drawbacks of being more expensive and laborious than
the proposed coating deposition. The plasma jet deposition process is considered to be the most versatile
of all thermal spray deposition processes. The process uses argon (Ar) as the primary gas, hydrogen (Hy)
as the secondary gas, and nitrogen (N;) as the carrier gas of the zirconia powder [27]. The powder melts
at contact with the plasma jet, reaching values at very high temperatures and exceeding the melting
temperature of any material. The powder is injected into the flame, melted, and accelerated to
the substrate [28,29].

Even if the APS deposited layers have a good adherence, this method is used very little.
In this paper, the thin coatings deposition of ZrO; by the APS method on four titanium alloys is
presented. The objectives of this study were to determine (1) the morphological study of the layers,
(2) the mechanical properties obtained by micro-indentation; and (3) the electrochemical tests in
specific environments.

The aim of the study is to highlight some zirconia coatings properties deposited on new Ti-based
alloys. The influence of the alloying elements is exerted directly on the properties of the final material
and the optimum percentage must be carefully chosen. We selected a system based on Ti-Mo-5i,
since Titanium is considered an element with extremely low toxicity for the human body. In addition,
its use in medical applications is due to a very good interaction with the host bone, Molybdenum,
which is a beta-stabilizing element with a low degree of toxicity and in 15-20 wt.%, Mo could lead
to the decrease of the modulus of elasticity, while Silicon increases corrosion resistance and fluidity
during casting. Ti-Mo-Si with good mechanical properties and low corrosion resistance are suitable for
medical applications as orthopedic implants.
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2. Materials and Methods

2.1. Ti-Mo-Si Substrate Alloys

As the substrate material for deposition, a new titanium, silicon, and molybdenum alloy was used
based on an original recipe, according to Table 1.

Table 1. Average elemental compositions obtained by energy dispersive X-ray spectroscopy analysis

for the base alloy.
Sample Ti (wt.%) Mo (wt.%)  Si (wt.%)

s1 Average 84.5 15.5 -

Stdev +0.2 +0.2 -
0 Average 84.7 15.0 0.3
Stdev +0.2 +0.3 +0.1
Average 83.8 15.3 0.9
53 Stdev 09 0.2 0.1
Average 83.9 15.1 1.0
4 Stdev +0.6 +0.5 +0.1

The Ti-Mo-Si based alloys were obtained in a vacuum arc remelting (VAR) MRF ABJ 900 equipment,
from high purity elements: Ti (99% purity), Mo (99% purity), and Si (99% purity) supplied by Alfa
Aesar, Thermo Fisher Scientific (Waltham, MA, USA). The obtained ingots were then cut into disc
samples with a diameter of 10 mm and a thickness of 2 mm for specific tests.

2.2. Atmospheric Plasma Jet Deposition

Four samples of Ti-Mo-Si substrate alloys, coated with ZrO, were prepared. The powders were
manufactured by Alfa Aesar, Thermo Fisher Scientific. The Sulzer Metco IMCE plasma jet deposition
facility was applied. The coatings parameters are shown in Table 2. The substrates for depositions
were prepared in the following way: The samples were cut to the required dimensions, sandblasted by
the casting sand, cleaned by ethyl alcohol, and positioned on a support plate.

Table 2. Deposition parameters of ceramic coatings.

Ar H, Electric Powder Feeder 9 MP S .
Gun . . praying
Powder Carrier Air . .
Type Pressure  Gas Flow Pressure GasFlow DC DC Gas Flow  Pressure Quantity  Distance
[MPa] [NLPM] [MPa] [NLPM] [A] [Vl [NLPM] [MPal [g/min] [mm]
710, 9 MB 350 40 350 6.7 400  70-80 5.1 150 126 105

The zirconia powder is in accordance with the producer catalogue, which presents a spherical
shape in the range of 30-50 um.

2.3. Morphological and Structural Analysis

The morphological and compositional analysis was performed with X-ray energy dispersion
SEM Quanta 200 3D Dual Beam and Vega 2 LSH Tescan Brno, Czech Republic. The investigation was
necessary to highlight the proportions obtained between the pure chemical elements and investigation
of morphological analysis. For the based materials microstructure, the samples were grounded with
abrasive discs with granulation between 150-2500 MP4, polished with alumina suspension (1-6 um),
cleaned with alcohol, and then ultrasonically cleaned in ethyl alcohol for 10 min. For the microstructural
analysis, the experimental samples were etched with a 10 mL HE, 5 mL HNOj3, and 85 mL H,O solution.

Phase determination was performed by the qualitative X-ray diffraction analysis using an Expert
PRO MPD facility from Panalytical (Almelo, The Netherlands), with a Copper X-ray tube (Kx-1.54051°).
The processing of the obtained data was done with the Highscore Plus software, and then
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the diffractograms were depicted. Samples with dimensions of 10 X 10 x 5 mm?® were used to

determine the constituent phases. X-ray diffractions (XRD, Panalytical, Almelo, The Netherlands) were
performed using an Xpert PRO MPD 3060 facility from Panalytical (Almelo, The Netherlands), with
a Cu X-ray tube (Ko = 1.54051 A), 2 theta: 10-90°, step size: 0.13°, time/step: 51 s, and a scan speed
of 0.065651°/s.

2.4. Micro-Indentation Test

Tribological properties of coated alloys were analyzed through micro-scale indentation
tests and performed by the CETR UMT-2 Tribometer (Schaefer (CETR, Campbell, CA, USA)).
For the micro-indentation test, semi disc-type samples with a diameter of 20 mm and a thickness
of 2 mm were used. A Rockwell diamond tip indenter, with a 120° opening angle at the edge of
the indenter was applied. The accepted standard values of Rockwell’s indenter dimensional parameters
were as follows: Radius is 200 + 10 um; angle is 120 + 0.35°; deviation from profile is +2 um. For
a better accuracy, three determinations were performed on the surface of each sample to obtain
Young’s modulus. The indentation method consisted of a progressive increase of the indentation force
from 0 to 5 N and the return to the initial value. The capacitive sensor along with the force sensor
allowed obtaining the typical indentation diagram (force-deformation). The CETR-UMT Test Viewer is
the software used for micro-indentation.

2.5. Electrochemical Analysis

The corrosion of a biomaterial is determined by the aggressive nature of the biological fluids.
In order to determine the corrosion potential on the elaborated titanium alloys, it is necessary to
research them through these potentially dynamic and potentiostatic tests in biologically simulated
environments [30].

A type of simulated physiological solution was prepared, currently used in the literature for
the study of alloy corrosion used in orthopedic prostheses or in dentistry, respectively: Ringer’s
solution. Ti-Mo-5i coated samples have been tested in Ringer’s solution at 37 °C with the following
composition (1):

NaCl19.00 g/L; NaHCOs 0.20 g/L; CaCl,.6H,O 0.40 g/L; KC10.43 g/L; pH = 6.8 1)

The determination of corrosion potential and tracing of linear polarization curves will be performed
with an electrochemical system PARSTAT 4000-Princeton Applied Research, USA. The potentiostat
has special facilities for the precise determination of the polarization resistance, the recording of
the corrosion potential for long periods of time, and tests on the corrosion in points.

The main operating parameters of the appliance are: Maximum working potential = + 30 V,
maximum output current = + 1 A, and maximum bias voltage = + 15 V. For electrochemical impedance
measurements, the maximum frequency is 100 kHz and the minimum frequency is 1 mHz. Animportant
advantage for potentiodynamic measurements with this device is that the scanning speed of the electrode
potential can be increased up to 20.000 mV/s. The acquisition of the experimental data was done with
the same software, VoltaMaster 4.

3. Results and Discussion

3.1. Microstructural Analysis

The zirconia powder was analyzed by the EDS system before deposition (Figure 1). The nominal
range of powder was measured and the values are in the range of 30 to 50 um. Figure 2 presents
the measured powder morphology.
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Figure 1. EDS spectrum of the powder morphology.

Figure 2. Micrographs of the powder morphology: (a) 500X magnification; (b) 1000x magnification.

After obtaining the TiMoSi samples and before being coated, the alloys were grounded
and chemically etched to study the microstructure. The structural characterizations of the four
alloys by optical microscopy are shown in Figure 3. The figures show the structure of TiMoSi substrate
alloys with grain-specific aspects of titanium alloys and structures specific to the 3 alloys. The images
obtained by optical microscopy for the analyzed TiMoSi alloys show a dendritic type structure with
irregular grain boundaries, except for the Til5Mo. The alloys Ti15Mo01.00Si and Ti20Mo00.755i highlight
very well the lamellar dendrites inside the p3-type grains.
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Figure 3. Light microscopy images of substrate materials: (a) S1; (b) S2; (c) S3; (d) S4.

Figure 4 shows the morphological aspects of the coated samples with ZrO,. Moreover, Table 3
presents the obtained EDX elemental compositions. Microstructures at different magnifications
highlight the compactness of the coatings powers and the relatively low porosity. The use of the BSE
detector at high magnification highlights the uniformity of the phases and the very small number of
microcracks. The dark particles highlight the un-melted zirconia compounds and the mostly light
colored area shows the uniformity of the zirconia oxide coating. The molten particles in the plasma
jet struck with a high velocity the relatively low-temperature substrate or other particles that had
been deposited previously, during the spraying process. They were stacked in a flat shape to form
a smooth, dense surface structure with few pores. Some small cracks in the coatings were caused by
the release of stress from the molten droplets in the flattening and rapid cooling process. At the same
time, the semi-molten and unmolten particles in the plasma flame deform slightly, while striking
the substrate. A part of the carrier gas can be retained in the obtained layer, resulting in pores of
different sizes, respectively a heterogeneous rough microstructure. Table 4 presents the thickness of
the coated layers, measured on SEM images.

The surface of the coatings had two different morphological features: (I) A smooth, dense
morphology due to the fully-molten spraying powder; and (II) a loose, porous morphology which was
mainly due to the spraying powder being inadequately molten during spraying. The melted particle
of zirconia is deposited through the surface materials and forms a specific type of structure called
“splats”, very common in these types of coatings.
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Figure 4. Morphological aspects of coated samples: (a) S1-ZrO,; (b) S2-ZrOy; (c) S3-ZrO,; (d) S4-ZrO,;
(e) S1-ZrOy; (f) S2-ZrOy; (g) S3-ZrOy; (h) S4-ZrO;.
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Table 3. Average elemental compositions obtained by energy dispersive X-ray spectroscopy analysis
for the coated alloys.

Sample * S1 S2 S3 S4

Zr (wt%) 783 +£03 743+0.1 777+01 708+02
OWwt%) 21.7+01 257+02 223+03 292+02

* Ten EDX determinations were carried out in five different areas of the samples with dimensions of 10 x 10 x 5 mm?3,
to obtain precise values for the composition.

Average chemical composition

Table 4. The thickness of the deposited layers.

Sample Layer Thickness (um)

S1-ZrO, 83.30 + 3.3
$2-7r0O, 82.56 + 4.4
$3-ZrO, 85.77 + 4.1
$4-7rO, 84.30 + 3.0

Researchers currently named the 3 titanium alloys as second generation titanium biomaterials.
The reasons for these statements consist of the advantage of these alloys, a low modulus closer to
the bone, and avoiding the stress shielding effect [9].

Titanium is an allotropic material, which comes in different forms with different properties: Up to
a temperature of 882 °C, with a compact hexagonal structure oTi and over 882 °C, 3 Ti, with a centered
cubic structure [8].

Zirconia exists with tetragonal, monoclinic, thombohedral, and cubic crystal structures, depending
on stress, temperature, oxide additions, and pressure. Many mechanical and physical properties
depend on the crystal structure, including the coefficient of thermal expansion (CTE) [31].

Figure 5 shows the XRD results of the coated alloys. For coated alloys, diffraction peaks for ZrO,
appear at 38.4°, 55.5°, 69.5°, and 82.4°, the rest are 3-Ti having a centered cubic structure.
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Figure 5. XRD patterns for coated samples: S1-ZrO,, S2-ZrO,, S3-ZrO,, S4-ZrO».

The variation of the &, o« + 3, and {3 type phases on titanium alloys consists of the differences in
the chemical composition of the constituent elements. In our case, the high percentage of 3 stabilizing
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elements (Mo, Si) led to the formation of a -type structure, highlighted in the structure analysis
and XRD patterns.

3.2. Micro-Indentation Analysis

The micro-indentation analysis of coated samples is presented in Table 5. Mechanical properties,
such as the elastic modulus, are very important criteria and underlie the selection of metallic materials
used in orthopedics. The elastic modulus of the alloy used for implantation must be as close as possible
to that of the human bone. Young’s modulus shows values between 51.71 + 0.1 and 48.27 + 0.2. These
alloys reduce Young’s modulus of the C.P. titanium (103-120 GPa) with 50% and are close to the cortical
bone value (10-30 GPa). Compared with classical alloys (CoCrMo, Ti6Al4V), these alloys (S1-ZrO5,,
52-710,, S3-Zr0,, S4-Zr0O,) present low Young’s modulus, a stiffness suitable for orthopedic implants.

Table 5. Micro-indentation results.

Loading Release Young’s . .
: . Stiffness Specimen
Sample Deformation Deformation Modulus [N/um] Poisson Ration
[N] [um] [GPa] H
51-ZrO, 13.5+0.5 122 +0.5 483+05 62+05 0.23
52-7rO, 13.5+0.5 9.7+0.5 51.7+05 58+05 0.23
S3-ZrO, 13.5+0.5 121+ 0.5 491+05 63+05 0.23
54-7rO, 13.5+0.5 11.4+0.5 50.7+05 62+05 0.23

Five determinations were carried out in different areas of the samples with dimensions of 10 x 10 X 5 mm?.
The coated samples showed a very low modulus of elasticity, close to that of the human bone
(17-32 GPa), which makes them suitable for orthopedic applications.
3.3. Electrochemical Analysis

Figure 6 shows the Tafel plots for the coated samples studied in Ringer’s solution and Table 6
shows the parameters of instantaneous corrosion in the same physiological environment.

a) b)

s Til5Mo

log j(pa/cm?)
log j(na/cm?)

Ti15Mo0.5Si

50 200 350 200 150

tential, mV/

200 350 300 EX
[ P .
303 mV g -266mV Potential, mV

c) d) @

Til5Mo0.75Si

log j(pa/cm?
log j(pa/cm?)

Til5MolSi

300 350 300 250

Potential, mV
-309mv

-300 250 200 150 -100 200

233 mV Potential, mV'

Figure 6. Tafel plots of coated samples investigated by corrosion testing in Ringer’s solution: (a) S1-ZrOy;
(b) 52-ZxO;; (c) S3-ZrOy; (d) S4-ZxO;.

The corrosion potential, E.or, measured in relation to the saturated calomel electrode potential,
is the potential at which the redox reactions on the alloy surface are at equilibrium. The rate of
the oxidation reaction is equal to the rate of the reduction reaction and the intensity of the total current
is zero. As the potential increases to more positive values, the rate of the oxidation reaction increases,
while during the shift of the potential to negative values, the oxidation process is reduced and the metal
becomes passivated. The presence of silicon seems to cause a decrease in the corrosion rate.
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Table 6. Instantaneous corrosion parameters for coated samples in Ringer’s solution.

Sample EC01‘I RP/ ICDI‘/ VCOI’I bar bC/
[mV] [kohm.cm?] [A/cm?] [m/year] [mV/dec.] [mV/dec.]
S1-ZrO, -303 11.18 3.033 29.30 194 —180
S2-7rO, —266 14.91 2.131 20.59 200 -192
S3-ZrO, -223 7.49 4.458 43.09 222 —166
S4-7rO, -309 8.99 3.963 38.30 278 -152

The polarization resistors have high values, which are reflected in very low corrosion rates.
The product of “corrosion” in the case of these alloys is mainly titanium oxide, TiO,, which is
insoluble and adherent to the surface of the alloy. The oxide layer on the surface protects the alloy
from the aggressive absorption of electrolytic media. Given this, it can be admitted that artificial
physiological environment samples do not corrode, but in reality, undergo a passivation process. Under
these conditions, the Vo parameter—called the corrosion rate—is actually the passivation speed.
Except for two alloys, the passivation rates are of the same order of magnitude, the lowest passivation
rate is being presented by the 52-ZrO, alloy.

4. Conclusions

In the present paper, zirconia coatings were made on the substrate of Til5Mo, Til5Mo0.5Si,
Ti15Mo0.755i, and Til5Mol.0Si. The coatings showed a uniform morphological aspect without
microcracks, observing the presence of the 3-Ti and ZrO, phases with a tetragonal crystalline structure.
The dark particles highlight the un-melted zirconia compounds and the mostly light colored area
shows the uniformity of the zirconia oxide coating.

The micro-indentation analysis revealed that Young’s modulus showed a low value (51.71 + 0.1
and 48.27 + 0.2), improving the Ti-based alloys by 50%. The instantaneous corrosion parameters for
the coated samples in Ringer’s solution have very good values, with an oxide layer on the surface
protecting the alloy from the aggressive absorption of electrolytic media.
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