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Abstract—The fatigue properties of a submicrocrystalline titanium are shown to be substantially higher than
those of a coarse-grained state. A deposition of an oxide coating leads to insignificant increase in these prop-
erties for titanium with a submicrocrystalline and coarse-grained structures. Some peculiarities of the fatigue
fracture of submicrocrystalline and coarse-grained titanium are analyzed.
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INTRODUCTION

Titanium is the main structural material in medi-
cine due to the peculiarities of its properties (low den-
sity, corrosion resistance, and good biocompatibility)
[1, 2]. Taking into account this fact, the production of
high-strength titanium and the study of the influence
of long-term cyclic loading on the evolution and sta-
bility of its strength characteristics are very relevant.
No less important is the assessment of the effect on the
titanium strength of deposition of an oxide coating,
which improves the biocompatibility of titanium
implants with a human body [1]. At present high-
strength titanium with a submicrocrystalline (SMC)
structure is commonly produced by the severe plastic
deformation (SPD) method [3—5]. However, the
structure formed by SPD is instable [5, 6] and its evo-
lution during long-term loading can lead to a decrease
in the strength properties [7, 8]. The estimation of the
contribution of a surface coating in these properties is
also important.

Considering all of the above, the main goal of this
work is the study of the influence of a complex cyclic
loading on the value and the mechanostability of
strength properties of titanium with SMC and coarse-
grained (CG) structures and the estimation of the
contribution of an oxide coating to the evolution of
these properties. The peculiarities of the fatigue frac-
ture are analyzed, taking into account the results
obtained before [9—13].
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EXPERIMENTAL

In this work, we studied a commercial-purity tita-
nium (VT1-0 alloy) in SMC and CG states. The SMC
state was obtained using the thermomechanical treat-
ment regime developed in [2] by a longitudinal and
transverse—screw rollings, which enable one to manu-
facture SMC titanium rods 4—10 mm in diameter. In
this work, we used the VT1-0 titanium alloy rods 8 mm
in diameter, which were subjected to finish annealing
at a temperature of 623 K for 3 h to remove the first-
kind internal stresses. After the above treatment, the
alloy is characterized by a homogeneous grain—sub-
grain structure with the mean size of structural ele-
ments of 190 nm. The homogeneous recrystallized
structure of VT1-0 (CG state) was obtained from the
SMC structure by holding at 7= 823 K for one hour.
The mean grain size in the CG state is 2.35 um. To
study the fatigue properties, the specimens with the
gage part 1 mm in thickness and 3 mm in width were
prepared from the rods. The §—10-um-thick coatings
consisting of silicon oxide (no less than 30 mol %),
calcium oxide (no less than 2.5 mol %), phosphorus
oxide (no more than 6 mol %), sodium oxide (from
0.5to 3.0 mol %), and also titanium oxide (no less
than 20 mol %) were deposited on surfaces of the spec-
imens in both SMC and CG states by the microarc
oxidation (MAOQO). Recently such coatings having high
macroporosity and high wear resistance have been
successfully used in prosthesis and stomatology [1].
The protheses made of titanium with biocompatible
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coating can be in human body for many years.
Throughout this period, they undergo cyclic loads.
Thus the study of the fatigue life of titanium, including
titanium with coating is one of topical problems in bio-
medicine.

The fatigue characteristics of VT1-0 titanium alloy
specimens were studied with a tensile load using an
Instron Electropulse E3000 testing machine equipped
with an electromagnetic drive in the loading mode
with a frequency of 50 Hz at room temperature. The
tests were carried out by the scheme of tensile loading
in a symmetric saw-tooth cycle in the loading range
0.96,,.« — 0.26,,.«- The limiting number of the cycles
for the specimens under study was 2 x 10° and the
load at which the specimens did not fractured at this
number of the cycles was a characteristic of the con-
ventional endurance strength.

A factor of the SMC titanium instability that favors
a decrease in its strength properties during long-term
loading can be related to the formation of nanoporos-
ity upon SPD. Actually, it was shown in [9—16] that
various SPD methods leads to the formation of pores
with sizes ~10—100 nm in metals and alloys. Such
nanopores only slightly influence the strength charac-
teristics upon a “short-time” loading (the ultimate
strength, the yield strength, and the microhardness),
but these nanopores can be “nuclei” of developing a
microfracture, which decrease high mechanical prop-
erties and the mechanostability of titanium, under
conditions of the long-term loading in the creep and
fatigue modes [7].

Taking into account this circumstance, we deter-
mined the nanopore parameters and estimated their
volume by the small-angle X-ray scattering (SAXRS)
method modernized in [9, 10, 17]. In addition, the
titanium density before and after SPD was measured
using the precision method of tree-time hydrostatic
weighting (the error was no higher than 10~#). The
density and its changes (density defect) enable us to
estimate the summary volume of damageability intro-
duced by SPD. The comparison of the density defect
and the volume of nanopores revealed by the SAXRS
method enabled us to calculate the contribution of
nanopores to the total damageability due to SPD.

The data on the fracture surface of the SMC and
CG titanium specimens after their fatigue test at 2 X
10° cycles and final fracture were obtained by scanning
electron microscopy and analyzed.

RESULTS AND DISCUSSION

First, we consider and analyze the results of cyclic
tests for the SMC and CG titanium specimens. Figure 1
shows the dependence of the applied loads (in the
range 0.96,,,,—0.20,,,,0) on the number of cycles
(Weller curves). The conventional endurance strength
(CES) was determined by the curve, the equation of
which was chosen by the experimental points using the
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Fig. 1. Weller curves for VTI1-0 titanium in various states:
(1) CG state, (2) CG state + MAO coating, (3) SMC state,
(4) SMC state + MAO coating.

least square technique. As a result, it was found that
the conventional endurance strength was 611 = 8 MPa
for the SMC titanium and 450 + 8 MPa for the CG
titanium. Thus, at 2 X 10° cycles of loading, CES of
the titanium with the SMC structure is higher than
that of the CG titanium by a factor of ~1.4.

It should be noted that the fatigue curves for the
SMC titanium are substantially higher than those for
the CG titanium over entire range of loadings.

However, as is seen from Fig. 1, the fatigue curve
for the SMC titanium slopes down more sharply with
the number of cycles than that for the CG titanium.
The latter leads to the fact that, during cyclic loading,
the “efficiency” of the SMC state decreases: at 2 X
10° cycles, CES of the SMC titanium was higher than
that of the CG titanium by a factor of 1.6; at 2 X
100 cycles, this factor became 1.4.

The decrease in the “efficiency” of the SMC struc-
ture can be related to the development of the damage-
ability (mainly, nanoporosity) that formed in the
SMC titanium after SPD.

Actually, the results of the SAXRS studies of the
SMC and CG titanium specimens before their fatigue
tests showed that SPD causes the formation of
~20-nm nanopores in the SMC titanium.

Figure 2 demonstrates another version of the X-ray
scattering before and after action of a hydrostatic pres-
sure of 1 GPa on a specimen. As shown in [9, 10, 17],
the action of such a pressure leads to the “healing” of
discontinuities.

This fact enables us to reveal the fraction of small-
angle scattering due to the existence of discontinuities.
Assuming that the nanopores are spherical, we
estimated their mean sizes, according to [17, 18], and
also their volume fraction. It turned out that the
Vol. 64
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Fig. 2. Curves of the second invariants of X-ray scattering
for VT'1-0: (/) SMC state, (2) SMC after applying hydro-
static pressure.

volume fraction of nanopores in the SMC titanium is
~4 x 107,

Similar studies carried out for the CG titanium did
not almost reveal nanoporosity in it. It is evident that
the high-temperature annealing that was used to
obtain the CG titanium led to a substantial healing of
nanopores.

We also measured the densities of the CG and
SMC titanium before their tests under condition of
cyclic loading. It turned out that the CG titanium den-
sity is 4.4983 g/cm? and the SMC titanium density is
4.4963 g/cm?, i.e., markedly lower. The comparison of
the SMC titanium containing pores and the pore-free
CG titanium shows that the density defect between
themis 4.4 x 10~*. This value agrees quite well with the
volume of nanopores revealed in the SMC titanium by
the SAXRS method. The latter demonstrates that the
decrease in the density observed in the SMC titanium
produced by SPD is mainly due to the formation of the
nanoporosity.

Thus, the insignificant decrease in the convenient
endurance strength during the fatigue loading is likely
to be due to the evolution of the nanoporosity which
forms still during preparation of the high-strength
SMC structure. Nevertheless, the mechanostability of
the SMC titanium is retained quite high, and its con-
ventional endurance limit after 2 x 10° cycles is sub-
stantially higher than that for the CS state.

The effect of the nanoporosity formed in the SMC
titanium during SPD on the convenient endurance
strength is also demonstrated by the data obtained in
[12]. In the range of 10*—107 cycles, the Weller curves
were obtained for two batches (“A” and “B”) of the
SMC titanium prepared under the same conditions,
which were used in this work. The structural studies
showed that the grain size (~190 nm) and their misori-
entations in batches “A” and “B” are the same. How-
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Fig. 3. Morphology of MAO coating surface on VT1-0
alloy. SEM at magnification 10000 at an angle of 45°.

ever, the conventional endurance strength of speci-
mens “A” is 252 MPa and that of specimens “B” is
212 MPa. In this case, the nanoporosity level formed
after SPD in batch “B” was higher than that in
batch “A”.

Note that the higher nanoporosity of the SMC tita-
nium of batch “B” is likely to be due to a higher con-
tent of nonmetallic carbide-type inclusions than that
inbatch “A”. During large SPD, these inclusions favor
the formation of an increased vacancy concentration,
the coagulation of which leads to the formation of
nanopores [10] and a decrease in the conventional
endurance limit and in the life upon cyclic loading.

In this connection, it is important to note that it is
the evolution of “initial” nanopores during a long-
term loading and at conditions of high-temperature
creep of a number of SMC metals and alloys that leads
to a decrease in their life (mechanostability). The ther-
mobaric healing of the nanoporosity formed during
SPD makes it possible to increase the life (service
resource) of high-strength SMC metals and alloys
[7, 8].

A set of the data obtained and considered above
allows us to assume that the mechanostability of
implants manufactured of an SMC titanium can be
also increased due to the development of optimum
conditions of healing of damages such as nanopores
formed in them during SPD.

Now we consider and analyze the data on the
fatigue characteristics of the SMC and CG titanium
with oxide coatings deposited on their surfaces
(Fig. 1). These coatings have branched porous sur-
faces (Fig. 3), which, as was noted, favor to an increase
in the biocompatibility of implants with a human
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Fig. 4. Fracture surface of the VT1-0 specimen with MAO coating in the fatigue failure region: A is the MAO coating; B is metal—

coating interface.

Fig. 5. Fracture surface of the VT'1-0 specimen with MAO coating in the fatigue failure region after final fracture: A is MAO coat-
ing is not flaked; B is the region of flaking off of the MAO coating.

body. In addition, as follows from the obtained data
(Fig. 1), the oxide coatings also lead to insignificant
increase in the fatigue properties (the Weller curves)
over entire range of cyclic loadings. This hardened
effect of coatings takes place as for the SMC so for the
CG titanium. Similar effect is observed also for the
SMC and CG titanium without the coatings, but it
even stronger in the case of coatings. For example, at
2 % 107 cycles, the ratio of the stress in the SMC tita-
nium to the stress in the CG titanium is 1.8. At 2 X
10° cycles, this ratio is 1.4. In other words, in the case
of cyclic tests of the SMC titanium with coatings, the
tendency of decreasing the conventional endurance
limit with the increase in the number of cycling load-
ing is even slightly higher than that for uncoated SMC
titanium.

It is assumed that the main factor of decreasing the
“efficiency” of the SMC titanium with the coatings
and without them is the evolution of the “initial”
nanoporosity upon cyclic loading. In the case of the
coated SMC titanium, there is likely to be one more
factor which influences the character of changing the
Weller curve. Such a factor can be the surface mor-
phology of the SMC and CG titanium, on which an
oxide coating is deposited. It is known that the role of
surface defects [19—21] and peculiarities of the dislo-
cation—disclination structure of thin (~10—30 pum)
near-surface layers [22—24]. It is possible that a quite
high annealing which was carried out to change the
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SMC structure to the CG state led to less defect near-
surface structure of the CG titanium as compared to
the SMC analog. This circumstance increases the
ratio of the conventional endurance limits at 10° cycles
of loading of the coated SMC and CG titanium as
compared to these specimens without coatings.

Now, we consider some results of the electron-
microscopy studies, which were carried out when
studying the rupture surfaces of the specimens after
their cyclic loading and bringing to the rupture at
active loading.

In these studies, the main attention was given to the
influence of the coatings and their relation to the
fatigue fracture. We note, first, that the data obtained
on the fracture surface demonstrate the absence of
flaking of the coatings during specimen fracture
(Fig. 4). The flaking is only observed in the fracture
region due to a large local deformation of the speci-
men upon its final fracture (Fig. 5). This fact shows a
good adhesion bond of the coatings with the titanium
specimen surfaces. The coatings have a hardening
effect in the near-surface titanium specimens and
counteract to plastic deformations in them. This fact is
demonstrated by a change in the directionality of the
pit shape during the fatigue fracture in the near-sur-
face layers: the pits are extended in the direction per-
pendicular to the coating surface rather than along the
Vol. 64

No.2 2022
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Fig. 6. Fracture surface in the near-surface region of the
coated VT1-0 specimen after fatigue tests in the final frac-
tion region.

loading direction (Fig. 6). (As is known, the fits are
extended along the maximum load.)

It is probable that higher fatigue strength for the
coated specimens is related to the influence of the
coating on the healing of the surface and near-surface
defects, which are “nuclei” of developing fracture
upon cyclic loading. It cannot be also ruled out that
the oxide coatings can have higher mechanical proper-
ties as compared to the SMC and CG titanium, and
their deposition favors an increase in the fatigue char-
acteristics.

CONCLUSION

It is found that the conventional endurance
strengths (CES) at 2 x 10° loading cycles of the SMC
titanium with the coatings and without them are
higher by a factor of 1.4 than that of similar CG tita-
nium. The oxide coatings lead to insignificant (~8%)
increase in the fatigue properties of the SMC and CG
titanium over entire range of the cyclic loading.

We revealed the tendency toward a decrease in CES
of the SMC titanium with the increase in the number
of loading cycles. For example, at ~2 x 103 cycles,
CES of the uncoated SMC titanium is higher by a fac-
tor of 1.6 as compared to that of the CG titanium. The
structural studies showed that the observed effect (the
decrease in CES from 1.6 to 1.4) can be due to the evo-
lution of damages (in particular, nanoporosity)
formed during SPD when preparing the SMC state.

For the coated SMC titanium, this effect at 2 x 10°
loading cyclesis 1.8, i.e., it is still higher. The nature of
the hardening effect of oxide coatings on the life and
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CES upon cyclic loading of SMC and CG titanium is
analyzed.
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