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Abstract—A new method of producing titanium dioxide coatings with a nanocrystalline structure on the sur-
face of commercially pure titanium VT1-00 used in medicine is proposed. The morphological, physicome-
chanical, and tribological characteristics of the coatings formed by induction-thermal oxidation are studied.
The obtained nanocrystalline and submicrocrystalline coatings have high hardness (4.23—9.86 GPa), modu-
lus of elasticity (200—755 GPa), and scratching resistance (1.38—8.76 GPa); their coefficient of friction varies

in a wide range (0.1—0.8).
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INTRODUCTION

In modern dentistry, orthopedics, as well as ana-
plastic and oral surgery, supporting structures are gen-
erally made from biocompatible metals, mainly com-
mercially pure titanium (VT1-00 and VT1-0) and its
alloys (VT6 and VT16). These materials are used to
produce elements of transosseous and intraosseous
implants, as well as endoprostheses of large joints [1].
High characteristics of the biocompatibility of these
metal implant structures are ensured by controlling
the physicochemical, tribological, and biomechanical
characteristics of their surface layers [2]. The metal
base is responsible for the operation of an implant
structure under the effect of multidirectional distrib-
uted loads; however, when an implant is installed into
a prepared bone bed with a required interference, con-
centrated shear forces arise, which lead to a severe
wear and a decrease in the biocompatibility of a sur-
face layer [3]. As a result, under these extreme condi-
tions, the strength characteristics of the surface, such
as the hardness and the scratching resistance at the
micro- and nanolevel, become of equal importance
with the characteristics of biocompatibility [4, 5]. We
would like to note that, provided that the structural
integrity of these articles, including that of their sur-
face layer in the form of a biocompatible functional
coating, is retained, special attention is paid to the
intensification of osteointegration processes by
improving the morphology and geometrical character-
istics, in particular the micron dimensions of elements
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of roughness and nanometer dimensions of elements
of subroughness [6].

Coatings are usually produced on the surfaces of
these structures using gas-thermal deposition; vac-
uum-condensation deposition (physical vapor deposi-
tion, PVD and chemical vapor deposition, CVD); oxi-
dation, e.g., microarc, vapor-thermal, air-thermal,
and argon—oxygen oxidation; and other less common
methods [7]. The specific features of these technolo-
gies, which have become traditional, are high energy
consumption and the cost of the raw materials, the
complexity of the manufacturing sequence, and low
output, as well as the low strength and wear resistance
of the coatings, which have high porosity and a mor-
phologically heterogeneous structure. As for achieving
nanometer dimensions of structural elements, i.e.,
grains or pores, many of the above-mentioned meth-
ods have physical and technological limitations or
utterly eliminate a possibility of forming these ele-
ments of the morphology of the surface layer; however,
these elements are responsible for the improved bio-
mechanical characteristics [6, 8].

Processes of the oxidation of refractory metals,
including commercially pure titanium, were investi-
gated by noted material scientists, such as P. Kofstad,
D. I. Lainer, and R. FE Voitovich; more recent articles
in this field have also been published [9]. Despite a
large number of works that deal with modifying tita-
nium and its alloys, the problem of producing inter-
face coatings with high mechanical strength and
scratching resistance, which should possess high char-
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acteristics of biocompatibility when operating in an
implant—bone medical bioengineering system, on sur-
faces of metal materials remains unsolved [8, 10].

The aim of this work was to determine the mechan-
ical and tribological characteristics of biocompatible
nanocrystalline and submicrocrystalline coatings with
high mechanical strength and scratching resistance, as
well as to develop recommendations on producing
these coatings using a new efficient method of induc-
tion-thermal oxidation (ITO).

EXPERIMENTAL

Biocompatible TiO, coatings were deposited on
2-mm-thick disk specimens made from commercially
pure VT'1-00 titanium. The preparation of the surfaces
of the specimens included sand blasting by electroco-
rundum and ultrasonic cleaning. The prepared sur-
faces were intensively modified by oxidizing them in
air using eddy currents generated by a high-frequency
current (HFC) heating apparatus with a power of no
more than 0.3 kW and a frequency of the current in the
inductor of 100 = 20 kHz [8]. The effect of ITO in a
temperature range of 600—1200°C on the structural,
physicomechanical, and tribological characteristics of
the coatings, such as the hardness, the modulus of
elasticity, the coefficient of friction, and the scratching
resistance, was studied. The regimes of the treatment
of the coating specimens were double numbered. The
first number indicated the temperature of ITO (from 06
that corresponded to 600°C to 12 that corresponded to
1200°C), while the second number corresponded to the
duration of ITO in seconds counted from the moment
of the onset of the stationary oxidation regime. For
example, the 08-030 regime corresponds to the temper-
ature of ITO of 800°C and an ITO duration of 30 s.

The phase and structural states of the coatings were
examined by X-ray diffraction (XRD) using a Gem-
ini/Xcalibur diffractometer in CukK, radiation
(A= 1.541874 A), as well as by scanning electron
microscopy (SEM) using a MIRA II LMU electron
microscope equipped with an INCA PentaFETx3
detector for energy dispersive X-ray fluorescent analy-
sis (EDX). The physicomechanical characteristics of
the coatings were determined by nanoindentation,
which made it possible to measure the hardness of thin
coatings under a light load (10 mN) applied to a dia-
mond Berkovich indenter, as well as by scratch tests,
which revealed the mode of the fracture of the coatings
scratched by a conical diamond indenter with a curva-
ture radius of 10 pum under dynamic loads of 5—
250 mN along a linear trajectory of up to 3 mm long.
The scratch tests were carried out using a NANOVEA
Ergonomic Workstation mechanical tester (ASTM
E2546, ASTM C1624, ASTM G171, and ISO 20502).
The scratch tests also made it possible to determine the
coefficient of friction as a function of the depth of
indentation and the corresponding normal load.
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Fig. 1. Schematic of determining area of contact of
indenter with coating during scratch tests.
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These data were presented as a diagram that related
the optical image of a scratch to the applied load, the
depth of indentation, and the coefficient of friction.
This allowed us to determine the scratch resistance of
a coating over the fractured area and the mode of the
fracture of the coating or its surface layer. The strength
characteristic obtained is the ratio of the normal load
P applied to the indenter to the area of contact .S
(Fig. 1). The area of contact is determined from the
following expression for the half-area of the spherical
segment:

(1)

where 4 is the height of the segment of the spherical
portion of the indenter, m, and »= 10 um is the curva-
ture radius of the indenter.

s :2“—2”’ = nrh = (31.4x10°)h,

RESULTS AND DISCUSSION

Under the considered conditions of ITO, the coat-
ings of titanium dioxide TiO, are formed on the sur-
face of titanium with an original a-Ti structure; in
these coatings, titanium dioxide is present in the rutile
phase. These changes in structural and phase states,
which occur on the surfaces of the titanium speci-
mens, are also confirmed by the XRD data (Fig. 2). In
the thin oxide coatings, various types of defects are
present, including through pores, which results in the
appearance of peaks of the phase of the metal base in
the spectra. The generalized XRD results for the spec-
imens of the coatings are presented in Table 1.

In the surface layer of the titanium specimens, the
following basic phases have been identified: the origi-
nal a-Ti phase, which corresponds to the commer-
cially pure titanium VT1-00; the basic phase of the
TiO, oxide coating (rutile); and the secondary B-Ti
phase, which results from moderate heat removal dur-
ing cooling. This effect of the temperature occurs in
the medium-temperature range of ITO (the regimes
from series 08) near the o-Ti<> B-Ti solid-phase
transformation and in the high-temperature range of
ITO (the regimes from series 12) when the supply of
the oxygen-containing medium is lacked. The free
supply of the oxygen-containing medium favors the
formation of a thick brittle oxide coating with a low
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Fig. 2. Typical diffraction patterns of thin coatings produced
using different ITO regimes: (bottom spectrum) 08-120,
(middle spectrum) 10-030, and (upper spectrum) 10-120.

mechanical strength at the stage of intense HFC heat-
ing without exposure at a temperature of 1200°C
(regime 12-001). When the specimens with the oxide
coatings produced at these temperatures of ITO and
duration of heating (30 s or longer) are cooled, these
coatings spontaneously delaminate from the metal
substrates. However, under conditions of the insuffi-

cient supply of oxygen (regime 12-001%*), the thin sub-
layer formed on the surface of the titanium substrate has
high physicomechanical and tribological characteris-
tics, which will be considered below in more detail.

The morphology of the structure of the oxide coat-
ings results from processes of intense oxidation, which
occur during HFC heating. When describing the geo-
metrical parameters of the crystalline structure, sev-
eral types of the morphology were identified (Figs. 3
and 4). The shape of rutile crystals depends primarily
on the ITO temperature; for example, at 800°C, the
dimensions of longitudinal acicular nanocrystals
increase to 70—100 nm (width) and 0.5—1.2 pm
(length) (Fig. 3b). At a duration of ITO of over 150 s,
the number of defects in the coating grows, which
favors the formation of cleaved lamellar and prismatic
crystals (Figs. 3c, 4b, 4c¢).

At a temperature of ITO of over 1000°C, the accel-
erated spontaneous delamination of a thick surface
oxide layer occurs (Fig. 4a). In all likelihood, this is
related to the process of the recrystallization of the
titanium substrate and the growth of the internal sub-
micron-sized layer, which is adjacent to the titanium
substrate. The prismatic crystals result from the high-
temperature effect of ITO under conditions of the
insufficient supply of oxygen through the external
thick layer of the oxides (Fig. 4c).

The titanium dioxide coatings have definite physi-
comechanical characteristics, including the hardness
and the modulus of elasticity measured during
nanoindentation (Table 2).

The dependence of the hardness of the TiO, on the
temperature of ITO is parabolic. The minimum hard-
ness corresponds to temperatures of 840—870°C,
which can be explained by stresses that arise in the

Table 1. Phase composition of oxide coatings produced by ITO on commercially pure titanium VT1-00

Regimes of ITO Phase composition of coatings, %
Specimen
temperature, °C duration, s a-Ti B-Ti TiO,
06-300 600 300 47 0 53
08-030 30 100 0 0
08-120 800 120 36 41 23
08-300 300 44 35 21
10-001 1 22 0 78
10-030 30 29 0 71
10-120 1000 120 17 0 83
10-300 300 0 0 100
12-001 1 29 0 71
12-001* 1200 1 46 34 20
12-300* 300 28 55 17
* Specimens of coatings produced under conditions of insufficient supply of oxygen.
JOURNAL OF FRICTION AND WEAR  Vol. 35 No. 1 2014
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Fig. 3. Morphology of (a, ¢) microstructure and (b, d) nanostructure of TiO, coating produced using different ITO regimes: (left)

08-120 and (right) 10-120.

Fig. 4. (a) Morphology of laminated structure and (b, c) various types of crystals of TiO, coating produced using ITO regime 12-120:
() thick outer oxide layer and (2) thin submicron inner layer adjacent to metal.

metal substrate and coating near the temperature of
the o-Ti<> B-Ti phase transition. The above-
described increase in the hardness in the high-temper-
ature range occurs provided that the supply of air oxy-
gen is lacking. Thus, the prismatic crystals have both
the developed morphology of the surface and the high
mechanical strength characteristics (Fig.4). The
obtained values of the mechanical characteristics are
indicative of the high strength of these coatings, which
is confirmed by the 2—3.5-fold reserve of the hardness
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in comparison with the titanium substrate and the 8—
15-fold reserve of the hardness compared with the cor-
tical bone tissue.

The obtained data on the hardness of the coatings
correlate with their high scratch resistance, which is
well illustrated by the results of optical-microscopic
examination and the scratch-test diagrams (Figs. 5a
and 5b). In the diagram for specimen 10-001, the test
parameters are presented, including the axial load,
which is applied to the indenter and gradually varies by
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Table 2. Mechanical characteristics of biocompatible tita-
nium dioxide coatings

Specimen Hardness, MO'dl',lluS
GPa of elasticity, GPa

Cortical bone 0.64 + 0.05 6.12+0.74
Titanium VT1-00 2.27 £ 0.41 119.0 £ 3.9
06-120 528 £0.71 237.0 £22.5
08-120 4.23+0.44 201.3 £ 16.5
10-120 6.93 £ 0.51 337.6 = 33.3
12-120%* 9.86 + 0.54 754.6 £ 69.0

* Specimens of coatings produced under conditions of insuffi-
cient supply of oxygen.

the linear law (Fig. 5b). Based on the simple geomet-
rical concepts of the shape of the surfaces in contact
and using expression (1), we calculate mechanical
stresses that arise during fracture. According to the
microscopic examination data for the scratch and tak-
ing into account the coefficient of friction that,
between a normal load of 220 mN and a depth of
indentation of 1.5 um and a load of 225 mN and a
depth of indentation of 4.4 um, has increased from
0.6 to 0.9, we obtain the following strength character-
istics: the ultimate strength in the scratch test is about
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4700 MPa and the residual resistance after the fracture
of the coating is about 1600 MPa. Thus, the results of
the scratch tests of the coatings under study have
shown their high scratching resistance. The scratch-
test data and their relation to a type of the structure of
the coatings and their surface layers are generalized in
Tables 3 and 4.

The use of the SEM in combination with the EDX
of the chemical composition of different portions of
the specimens under study has allowed us to investi-
gate in more detail the mode of fracture during
scratching and the corresponding structural transfor-
mations in the surface layer of titanium. The portions
of the scratch that correspond to the initial stage of the
fracture of the coating or the end of the test upon
achieving the maximum load were examined (Fig. 6).

The presented examples of the images of the por-
tions of the scratches show the typical modes of frac-
ture. The thin coating is entirely worn out up to the
metal substrate (Fig. 6a). This is completely confirmed
by the results of EDX, which show that, in the middle
part of the cross sections of the scratches, the concen-
tration of oxygen substantially decreases (up to 0%)
(Table 5). In the case of the thickened or thick coating
with high hardness and scratching resistance deposited
to the soft metal substrate, the penetration of the coat-
ing material to the substrate is observed (Figs. 6¢, 6d).
During scratching, high tangential stresses arise in the
coating material, which result in the delamination of
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Fig. 5. Result of scratch test of specimen produced using ITO regime 10-001: (a) morphology of surface and (b) diagram of vari-
ations in characteristics under consideration; (/) basic load, mN; (2) force of friction, mN; (3) coefficient of friction; and

(4) depth of penetration, pm.
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Table 3. Generalized scratch-test data for titanium dioxide coatings produced by ITO on titanium VT1-00

Parameters of scratch tests carried out directly (1)
before and (2) immediately after moment of fracture of coating or surface layer

Specimen ] ) . . depth :
axial load | depth of inden- |range of coefficient | axial load . . range of coefficient
P, mN | tation A, um of friction k* Py, mN oflrzdzer:ltre:ltlon of friction k,*
Titanium VT1-00 50 7.0 0.1>0.5 — - 0.5—>0.9
06-300 90 1.5 0.1->0.3 100 2.0 0.7—>0.95
08-030 130 1.4 0.1->0.3 150 3.7 0.4 — 0.95
08-120 190 1.6 0.05—0.23 195 3.1 0.27 > 0.41
08-300 110 1.5 0.11 > 0.19 120 3.0 0.29 > 0.34
10-001 220 1.5 0.52 — 0.80 225 4.4 0.92 > 1.10
10-030 150 1.4 0.11 > 0.20 165 2.4 0.26 — 0.30
10-120 68 0.5 0.05—0.16 70 1.0 0.17—>0.33
10-120%* 165 0.6 0.45 — 0.75 175 5.2 0.75—>0.94
10-300 160 1.0 0.10 > 0.17 170 3.3 0.20 > 0.25 —> 0.30
12-001 100 1.0 0.09 — 0.20 — — —
12-001%* 205 2.0 0.14 — 0.18 210 6.0 0.45—-0.78 — 0.36
12-300 130 3.0 0.15—0.25 150 12.0 0.13—>0.23

* Changes in coefficient of friction are indicated by the sign from the beginning to the end of ranges 1 and 2.
** Data for interlayer.

Table 4. Structural organization of coatings and surface layer of specimens

Specimen Description of structure
Titanium VT1-00 Metal surface of preparec! tltamum.(oc—Tl) plates after machining (fine grinding), which is character-
ized by low degree of strain hardening
06-300 Thin nanocrystalline coating + o.-Ti surface layer
08-030 Thin homogeneous nanocrystalline coating + o-Ti surface layer
08-120 Thin homogeneous nanocrystalline coating + (a-Ti + 3-Ti) surface layer
08-300 Thin homogeneous submicrocrystalline coating + (a-Ti + B-Ti) surface layer with increased
concentration of oxygen
10-001 Thin homogeneous nanocrystalline coating + o.-Ti surface layer
10-030 Thin submicrocrystalline coating + a-Ti surface layer
10-120 Thick submicrocrystalline outer coating
10-120* Submicrocrystalline underlayer of coating + a-Ti soft surface layer
Thick submicrocrystalline outer coating + submicrocrystalline underlayer of coating (no spontaneous
10-300 S
delamination have been observed)
12-001 Thick submicrocrystalline outer coating (delamination due to mechanical effect)
12-001* Submicrocrystalline underlayer of coating + (a-Ti + B-Ti) surface layer
12-300 Sintered highly-porous thick submicrocrystalline outer coating (no spontaneous delamination have
been observed)
particles from the coating (Fig. 6b). The migration of Thus, the results of the scratch tests, as well as the

the aluminum impurity present in the VT1-00 alloy dataon the permissible load P, and the depth of inden-
toward the surface of the coating occurs, and alumina tation /4;, which does not lead to the fracture of the

can be formed.

functional coating, have allowed us to determine the
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Fig. 6. SEM images of scratches on specimens of coatings produced using different ITO regimes: (a) 06-300; (b) 08-030; (c) 08-300;
and (d) 10-030. Magnification x3000.

quantitative strength characteristic of the scratching in scratching ogg as a function of the temperature T
resistance (Fig. 7). Using the values of the load P,and  and the duration # of ITO is described fairly well by the
the depth of indentation #,, the residual strength can following third-degree polynomial:

be estimatG.:d for the coating after stress relaxation. and Gsp = 83598 —312.14T—45.16¢+ 0.38 T
the formation of a cracked structure. The approxima- R , 2)
tion of the experimental data on the ultimate strength +0.817 - 1.49T° —2.20¢.

Table 5. Differential distribution of chemical elements in coating and surface layer

Specimen
og;‘:g‘t’gm 06-300 08-030 08-300 10-030
0 Al Ti 0 Al Ti 0 Al Ti 0 Al Ti

1 38.67 | 032 | 61.02 | 5729 | 039 | 4232 | 66.94 | 036 | 32.70 | 62.76 | 0.58 | 36.66

2 3141 | 0.00 | 68.59 | 2509 | 041 | 7450 | 74.07 | 0.24 | 2569 | 73.21 | 0.00 | 26.79

3 0.00 | 091 | 99.09 | 17.01 | 0.43 | 8256 | 65.99 | 0.00 | 34.01 | 67.53 | 1.03 | 31.44

4 0.00 | 1.58 | 9842 | 0.00 | 0.00 | 100.0 | 56.21 | 0.00 | 43.79 | 60.70 | 0.32 | 38.97

5 0.00 | 0.77 | 9923 | 0.00 | 0.53 | 99.47 | 63.74 | 0.43 | 35.84 | 43.76 | 0.00 | 56.24

6 56.69 | 0.51 | 42.80 | 22.02 | 041 | 77.57 | 63.84 | 038 | 3577 | — _ _

7 40.10 | 035 | 59.55 | 48.54 | 0.51 | 5096 | 7093 | 029 | 28.78 | — _ _

8 0.00 | 081 | 99.19 | — _ — | 6837 031 [ 3131 — _ _

9 000 | 1.18 | 98.82 | — _ — | 5429 | 041 |4530 | - _ _
10 _ - _ _ _ — | 5257 043 | 4701 | — . _
1 - - - _ _ — | 6524 | 049 | 3428 | - _ _
12 _ _ _ _ _ — | 4393 036 | 5571 | - _ _
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Fig. 7. Dependence of ultimate strength of coating in scratching on parameters of ITO.

CONCLUSIONS

After ITO, the structure of the surface of the com-
mercially pure titanium VT1-00 is characterized by
the formation of the titanium dioxide coating with
high characteristics of morphological heterogeneity, as
well as high physicomechanical and tribological char-
acteristics. The titanium dioxide coatings are made up
of nano- and submicron-sized acicular, lamellar, and
prismatic crystals. The effect of the parameters of the
ITO process on the chemical composition and the
phase and structural parameters, as well as the
mechanical and tribological characteristics of the
coatings, has been established. Using ITO regimes 06-
120, 08-120, 10-001, and 12-001, the coatings with
the best characteristics of morphology, as well as an
increased hardness (4.23—9.86 GPa) and a scratching
resistance of no less than 3.78—8.76 GPa, were pro-
duced; when the 10-120 regime with an insufficient
supply of oxygen was used, the characteristics of the
coatings were highest.
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