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INTRODUCTION

Submicrocrystalline (SMC) and nanostructured
(NS) alloy-free titanium is a promising material for
modern metal biomaterials and surgical implants [1].
Formation of the SMC and NS states in titanium
alloys leads to substantial improvement of mechanical
and physicochemical properties, in particular, proper-
ties needed for applications as materials for medical
implants in traumatology, orthopedics, stomatology,
and several branches of medicine and technology.

Surface modification by femtosecond laser pulses
is a promising method for an increase in biocompati-
bility of the SMC titanium and biological tissues.
Femtosecond laser radiation (FLR) provides lower
contamination in comparison with alternative meth-
ods for surface processing, is highly technological, and
can be used for processing of items with complicated
surfaces. A relatively small depth of the zone of ther-
mal effect of less than one micrometer is an important
advantage of ultrashort (femtosecond) laser pulses [2].
Such an advantage makes it possible to modify thin
surface layers in the absence of heating of bulk mate-
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rial, which, normally, leads to a decrease in mechani-
cal strength due to degradation of the SMC and NS
states or complete elimination of such states owing to
the reverse processes and recrystallization. Thus, the
application of femtosecond lasers is important for
modification of the surface of titanium alloys in the
SMC and NS states, since the development of the
above processes at relatively high temperatures leads to
a decrease in the strength of the materials typical of
course-grain structures [3, 4].

Controlled modification of surface profiles with
the aid of FLR is a promising method for an increase
in osteointegration, since the surface nanorelief spe-
cifically affects the behavior of various cells and, in
particular, provides an increase in the bioactivity of
osteoblasts [5, 6]. Controlled modifications of surface
relief of metal implants using FLR and the corre-
sponding effect on biocompatibility have been studied
in several works (see, for example, [5—7]). Note insuf-
ficient data on the effect of FLR on the mechanical
properties of titanium alloys. In this work, we study the
effect of FLR on the mechanical properties of the
SMC VT1-0 titanium.
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Fig. 1. Original SMC VT1-0 titanium sample: (a) TEM image of the microstructure and (b) histogram of the grain distribution

with respect to size.

MATERIALS AND METHODS

We study mechanical properties of the original
SMC VTI1-0 titanium alloy and the FLR-modified
sample. The SMC state with homogeneous globular
structure with a mean grain size of about 220 nm (Fig. 1)
is obtained for rods with a diameter of 8 mm using
mechanical and thermal processing that involves
radial-displacement, helical, and section rolling [8].
Residual microstress (first-order stress) is eliminated
due to 3-h-long annealing in a Nabertherm LT
5/13/P330 muffle furnace in air at a temperature of
350°C. Then, test samples (plates) are cut from the
annealed rods with the aid of spark cutting using a
SODICK AQ 300L device. The plates with working
sizes of 2 X 0.5 X 27 and 2 x 0.2 X 27 mm are used for
tension tests, and the plates with working sizes of 3 X
0.6 X 16 mm are used for fatigue tests using symmetric
cantilever bending. The samples are mechanically
grinded and polished using a Struers LaboPol-5
device prior to the laser processing and testing.

The mean sizes of the grains are determined using
the random linear intercept method [9, 10]. The Ima-
geScope software is employed for construction and
mathematical processing of histograms of grain-size
distributions. Figure 1b presents the histogram of the
size distribution of grains for the original VT1-0 tita-
nium alloy and the corresponding statistical parame-
ters. The distribution density function is approximated
using the logarithmic law.

Laser Processing

In the experiments on the surface modification of
the SMC titanium using FLR, we employ linearly

polarized radiation of an Avesta Project Ti:Sa femto-
second laser setup with a central wavelength of A =
744 nm, a FWHM of the radiation band of 12 nm, a
pulse duration of about 100 fs in the interaction region,
a pulse energy of up to 8 mJ, and a pulse repetition rate
of 10 Hz. The laser energy is chosen to avoid notice-
able degradation of the energy density distribution on
the surface of the target due to self-focusing in air and
the corresponding chromatic emission, filamentation,
and scattering by air plasma.

The processing is performed in air at a fluence of
F= 0.3 J/cm? and a scanning speed of v = 18 um/s.
The scanning direction and polarization vector are
oriented in such a way that the periodic parallel
grooves that result from the laser modification are
directed along the plate (i.e., in parallel to the axis of
quasi-static tension and tension—compression axis in
cyclic tests).

To choose the modification regimes, we use the
results of the previous work, in which we have struc-
turally modified SMC titanium using FLR. The
results of [11] show that different types of relieves can
be obtained at different laser fluences and scanning
rates. The modification regime with the parameters
F=0.3J/cm?and v = 18 um/s is optimal with respect
to biocompatibility. Note the absence of deep pores
and cracks that may serve as concentrators of stress
and cause a decrease in the strength parameters of the
material (especially, under cyclic loads).

Methods for Mechanical Tests

The fatigue tests are performed using an Instron
Electropuls 3000 device and supplemented with the
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Fig. 2. Loss angle ¢ between load @5 and shift @,.

study of viscoelastic properties using the dynamic
mechanical analysis (DMA) [12]. In the fatigue tests,
we employ the cantilever bending at an oscillation fre-
quency of 10 Hz at room temperature. The tests are
performed in the symmetric mode with a cycle asym-
metry coefficient of R = —1 in the presence of loading
at constant amplitude of the deflection. The size of the
working region of the sample in the tests is 0.60 X
3.0 X 16.0 mm. The amplitudes of force are used to
calculate stress with the aid of the formula

0:6%,
bh

where F is the amplitude of the force exerted on the
sample, / is the length of the working part of the sam-
ple, b is the width of the sample, and # is the thickness
of the sample.

In the fatigue tests, we measure the instantaneous
force (load) and shift (deformation) (Fig. 2) and per-
form the DMA using the correlation method. In the
corresponding procedure, we determine the phase dif-
ference (loss angle @) of the periodic variation in the
load and deformation.

The measured tangent of the loss angle tan@ char-
acterizes scattering of the oscillation energy AW due to
inelastic internal microscopic processes in solid:

2n W

Here, AW/W is the part of energy that must be trans-
ferred to the oscillation system over a single period to
provide constancy of total oscillation energy W. An
increase in quantity tan@ indicates an increase in the
intensity or activation of additional inelastic processes
that accompany the cyclic deformation of solid (e.g.,
reversal and microplastic deformation, growth of
cracks, etc.) [13].

The tensile tests are performed with the aid of an
Instron 5882 electromechanical device at a deforma-
tion rate of 1.5 mm/min using an extensometer with a
working length of 10 mm.

A Quanta 600 FEG scanning electron microscope
with field emission is used to study surface morphol-
ogy and elemental composition of the processed sam-
ples.

EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 3 shows the morphology and cross section
of the FLR-processed titanium surface.

The regimes of laser processing and the structure
that is formed due to such processing have been ana-
lyzed in [11]. The structure exhibits ordered micro-
and nanorelief, in particular, grooves that are parallel
to the scanning direction.

Figure 4 presents the deformation curves obtained
in the tensile tests for the original SMC titanium plates
with thicknesses of 0.2 and 0.5 mm and the plates with
laser-modified surfaces. It is seen that the laser-
induced modifications of the surface and near-surface
layers weakly affect characteristics of the material

20 pm

Fig. 3. Surface morphology of the FLR-processed VT1-0 titanium samples: (a) X5000, (b) %20 000, and (c) cross section x5000.
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Fig. 4. Deformation curves for the SMC VT1-0 titanium
samples with thicknesses of 0.2 and 0.5 mm with laser-
modified surfaces in comparison with the deformation
curves of the original SMC titanium samples.
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Fig. 6. Plot of tangent of loss angle tan@ vs. relative devia-
tion of the maximum stress per cycle from the yield point.

under study (mechanical strength, yield point, and
Young modulus). The Young modulus can be esti-
mated in the first approximation using the slope of the
linear fragment of deformation curve 6—e. However,
the laser-modified samples exhibit higher plasticity in
comparison with original samples.

Figure 5 shows the synchronously recorded results
on the maximum stress in the cycle ¢ (curve /) and
tangent of the loss angle (curve 2) versus number of
cycles. The curve of cyclic strengthening (curve / in
Fig. 5) shows that the maximum stress in the cycle (at
the fixed deflection) remains almost unchanged and
decreases only before destruction. Quantity tan@

KOLOBOV et al.
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Fig. 5. Synchronously recorded experimental results on (/)
maximum stress per cycle ¢ and (2) tangent of loss angle ¢
versus number of deformation cycles.
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Fig. 7. Plots of maximum stress per cycle vs. number of
cycles preceding destruction (fatigue curve) for the nano-
structured VT1-0 titanium plates with a thickness of
0.6 mm (open squares) in the absence of coating and
(closed squares) after femtosecond laser processing.

(curve 2) also remains unchanged and sharply
decreases only prior to destruction.

Thus, the beginning of the destruction of the sam-
ple under cyclic load can be determined using both
curves of cyclic strengthening and a decrease in the
amplitude of stress and an increase in the tangent of
the loss angle.

Figure 6 presents the dependence of the tangent of
loss angle on the relative deviation of the maximum
stress per cycle from the yield point of the material
under tensile stress (G — G,)/0, for the domain in
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Table 1. Results of mechanical tension and fatigue tests for the original plates with a thickness of 0.5—0.6 mm made of the

SMC VT1-0 titanium alloy and the laser-processed plates

Tension Fatigue limit Gy
Sample 6 ORrN/O
G2, MPa op, MPa Gg/C¢2 for 10° cycles, MPa
Original 6427 8057 1.25 385 0.47
Laser-processed 652+ 7 8025 1.23 422 0.53

which the tangent of loss angle is independent of the
number of cycles (Fig. 4). It is seen that the tangent of
loss angle decreases with a decrease in the maximum
stress per cycle relative to the yield point. Such a result
corresponds to a decrease in the intensity of micro-
plastic deformation with a decrease in the maximum
stress per cycle, which is in agreement with an increase
in the number of cycles preceding destruction with a
decrease in the maximum stress per cycle.

To determine the fatigue limit, we use the experi-
mental results to plot the maximum stress per cycle
versus number of cycles preceding destruction (fatigue
curve) for the original VT1-0 titanium plates (open
squares) and laser-processed samples (closed
squares). The results of Fig. 7 are obtained for the
stress of the curves of cyclic strengthening that are
similar to the curves of Fig. 5. For the experimental
stresses, the FLR-processed samples exhibit greater
number of cycles prior to destruction in comparison
with the original samples.

The above results on the effect of surface process-
ing with the aid of femtosecond laser pulses on the
mechanical properties of the material under study (in
particular, improvement of the fatigue limit and an
increase in the plasticity in the quasi-static breaking
tests) are in agreement with each other, since the prop-
agation of fatigue microcracks in materials with
enhanced plasticity is slower than the propagation of
such cracks in fragile materials. Thus, the surface
FLR-modification of implants that leads to the for-
mation of relief with complicated structural hierarchy
leads to improvement of both biocompatibility and
mechanical properties. Note that an increase in the
fatigue resistance and plasticity of the SMC VT1-0
titanium resulting from the femtosecond laser process-
ing shows the advantages of the method in comparison
with alternative methods for surface processing of tita-
nium alloys. In particular, the formation of bioactive
and bioinert coatings on the surface of titanium alloys
using microarc oxidation leads to lower fatigue limit in
the fatigue tests of the Ti—Al—Zr titanium alloy with
controlled load amplitude in the tension—compres-
sion procedure [14] and undoped titanium (Grade 4
alloy) in the test using four-point bending (yield point
and mechanical strength) [15]. The microarc oxida-
tion also leads to a decrease in the mechanical strength of
the SMC VT1-0 titanium under quasi-static load [16].

Table 1 presents the results of mechanical tension
and fatigue tests of the original SMC plates of the

TECHNICAL PHYSICS Vol.63 No.3 2018

VT1-0 titanium alloy with a thickness of 0.6 mm and
plates processed with the aid of the femtosecond laser
pulses.

It is seen that the yield points and mechanical
strengths of the laser-processed and original samples
are almost identical and the conditional fatigue limit
for 10° cycles is significantly higher for the laser-pro-
cessed samples.

CONCLUSIONS

Surface processing of the SMC VT1-0 titanium
plates with a thickness of 0.6 mm by femtosecond laser
pulses leads to an increase in the conditional fatigue
limit (for the tests consisting of 10° cycles). The tensile
tests of the SMC VTI1-0 titanium plates with thick-
nesses of 0.5 and 0.2 mm show that the laser process-
ing weakly affects the measured yield points and
mechanical strength but leads to a significant increase
in the prefracture deformation.

The study using the DMA method shows that the
microplastic deformation of the samples under study
decreases with a decrease in the maximum stress per
cycle in the cyclic tests. The destruction of the samples
under cyclic loads is accompanied by a sharp increase
in the microplastic deformation (tangent of loss
angle). Such a result can be used as a diagnostic fea-
ture of the fatigue limit of the material.
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