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Abstract: Effect of the structure and texture caused by high pressure torsion (HPT) on mechanical properties, corrosion
resistance and in vitro biocompatibility of pure Zn was studied. HPT leads to the formation of an ultrafine-grained (UFG) structure
with an average grain size of 710+40 nm. In addition, a sharp basal texture is formed in pure Zn after HPT. These structure and
texture features lead to an increase in the ultimate tensile strength of pure Zn by 5.5 times while the ductility grows significantly.
Pure Zn in both microstructural states does not increase the hemolytic activity of red blood cells. An interesting observation is the
reduction of the cytotoxicity of pure Zn after HPT, which can be associated with a slight increase in its degradation rate.
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1. Introduction

Zinc and its alloys are promising medical materials [1,2].
Their use in medicine is due to good biocompatibility [3],
antibacterial [4, 5], osteogenic properties [6], etc. However,
the practical application of as-cast Zn in osteosynthesis is
limited by its poor mechanical properties [7]. Wang et al.
showed that the ultimate tensile strength of as-cast pure Zn
is 33.94 MPa with the ductility level 3% [8]. The application
of deformation processing is an efficient way to improve the
mechanical characteristics of pure Zn. At the same time,
the severe plastic deformation (SPD) methods provide an
effective way to increase the strength of materials without
losing their corrosion resistance, which is an important
operational property of medical materials [5,9]. There are
a number of works devoted to studying the effect of SPD
on the behavior of pure zinc and its alloys developed for
medical applications [5,10-13]. Bednarczyk et al. showed
that deformation of pure Zn by equal channel angular
pressing (ECAP) method at room temperature led to an
increase in its strength and ductility [9]. Srinivasarao et al.
studied the effect of different numbers of turns (N) of high-
pressure torsion (HPT) on mechanical properties of pure
Zn [13]. They showed that HPT (N=5) of pure Zn also
caused an increase in the strength (=150 MPa) and ductility
(=24%) because of grain refinement and sharp basal texture
formation. Polenok et al. also deformed pure Zn by 10 turns of
HPT under the pressure of 2 GPa and showed the possibility

of its strengthening up to 130 MPa [14]. This shows that
HPT is a promising method for the development of high-
strength zinc alloys with an increased ductility. However, it
is important to study not only mechanical characteristics,
but also the corrosion resistance and biocompatibility after
deformation. Therefore, the study of effect of HPT on the
mechanical and corrosion properties and biocompatibility
in vitro of pure Zn was the aim of this work.

2. Materials and experimental methods

Pure Zn (99.975 wt.%) melted in an induction furnace in air
condition was studied. Disks 20 mm in diameter and 1.5 mm
in thickness were cut from an ingot to conduct HPT. HPT
was carried out at the room temperature under a pressure of
4 GPa up to the number of turns N=10. The microstructure
of as-cast Zn was studied using an optical microscope Axio
Observer DIm Carl Zeiss. A JEM-2100 (JEOL) electron
microscope operating at a voltage of 200 kV was used to
study the microstructure after HPT. The microhardness
was measured on a 402 MVD Instron Wolpert Wilson
Instruments microhardness tester. The mechanical properties
were determined on an Instron 3382 testing machine at room
temperature on flat samples with a cross-sectional area of
2x1 mm and a working length of 5.75 mm. The texture was
studied on a DRON-7 X-ray texture diffractometer using the
CuK  radiation in the reflection mode. Five incomplete pole
figures {00.2}, {10.0}, {10.1}, {10.2}, {11.0} were recorded at
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the maximum inclination angle a_ _=70° with a step of 5° for
a and {3 angles (0-360°) (a and P are the radial and azimuth
angles on the pole figure). The orientation distribution
function (ODF) and the orientation factors were calculated
as described in [15] and [16]. The degradation rate was
assessed by the immersion method in a solution based on
DMEM (Dulbecco's modified Eagles medium). The studies
were carried out at a temperature of 37°C for 8 days [17].
The biocompatibility in vitro was assessed by the study of
hemolysis of red blood cells (RBC) and cytotoxicity of
mononuclear leucocytes (ML). Hemolysis and ML viability
were assessed as described earlier in [18]. Cells incubated in
the complete growth medium without alloys under the same
conditions were used as a control.

3. Results and discussion

Figure 1 shows the results of microstructure studies of pure
Zn before and after HPT. The structure of as-cast zinc consists
of irregularly shaped grains with a size of about 70-100 pm.
A significant grain refinement with the formation of
grains with a size of 710 +40 nm occurs after HPT. Grains
after HPT have clear boundaries with mostly high-angle
misorientations. The presence of high-angle boundaries is
also indicated by the absence of diffuse reflections in the ring
electron diffraction pattern.

a

It is known that the strain during HPT depends on the
distance from the sample center [19]. The strain growths with
the distance from the center of the sample, which leads to the
formation of heterogeneity of the structure and properties.
The studies of microhardness after HPT showed that it had a
fairly uniform distribution over the sample diameter (Fig. 2 a).
A slight decrease is observed in the center of samples, where
the strain has the minimal value. It should be noted that
the microhardness after HPT increases insignificantly from
553 +18 MPa in the center of the sample to 587+26 MPa on
a distance of a half-radius from it. Taking into account the
obtained results, samples for tensile tests were cut out from
the zone corresponding to the half of the disk radius.

Figure 2b and Table 1 show the results of the tensile
tests. The yield stress (YS) of pure Zn is 41+8 MPa, while
the ultimate tensile strength (UTS) is 44+7 MPa. Grain
refinement caused by HPT increases these characteristics
up to 218+4 MPa and 247+12 MPa, respectively. It should
be noted that an increase in ductility (El) from 6.2+1.3% to
55.1+14.4% is also observed after HPT.

Table 1. The mechanical characteristics of pure Zn.

Processing YS, MPa UTS, MPa EL %
As-cast state 41+8 447 6.2+1.3
HPT 218+4 247 %12 55.1£14.4

Fig. 1. (Color online) The structure of pure Zn in the as-cast state (a) and after HPT (b) with SAD pattern (c).
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Fig. 2. (Color online) Distribution of microhardness over the diameter of the sample after HPT (a) and engineering stress - strain response

of pure Zn in both conditions (b).
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Figure 3 shows the results of texture measurements in
pure Zn in the as-cast state and after HPT. The texture of
as-cast Zn is characterized by a disperse basal orientation. A
sharp basal texture is formed after HPT due to the activation
of basal slip as the main mechanism of deformation of zinc
during HPT.

Table 2 shows the values of the orientation factors (the
reciprocals of Schmid factors) of the main deformation
systems in Zn. They confirm the thesis about the activation of
basal slip as one of the main mechanisms of zinc deformation
during HPT. The decrease in the value of the orientation
factor for pyramidal slip systems is also an indication of their
activation. The growth of ductility can be associated with
these texture features. Ye at al. showed that the ductility of
the Zn-0.1%Mg alloy after equal-channel angular pressing
increased by more than 45% due to an activation of pyramidal
slip [20]. We also obtained similar results on Zn-1%Mg [21]
and Zn-1%Mg-0.1%Ca [18] alloys after HPT.

Table 2. Orientation factors for pure Zn in the as-cast state and after
HPT.

. Basal Prismatic ~ [Pyramidal {112}
Processing
{0001} <110> | {100} <110> <113>
As-cast state 4.83 6.87 4.28
HPT 8.11 17.60 2.83

Table 3 shows the results of study of degradation rate,
RBC hemolysis and ML viability in comparison with Control.

The analysis of the data shows that pure Zn in both as-cast
and HPT-treated states does not demonstrate a significant
hemolytic activity. At the same time, pure Zn in the as-cast
state significantly inhibits the ML viability. However,
coincubation of pure Zn treated by HPT with MLs does not
cause a significant decrease in their viability in comparison
with Control. At the same time, a significant increase in
viability of MLs is observed compared to as-cast Zn. The
increase in viability of MLs can be associated with a slight
increase in the degradation rate of pure Zn after HPT from
0.15+£0.02t0 0.21+0.03 mm/y. It is obvious that an increase in
the degradation rate leads to an increase in the concentration
of Zn** ions. It was shown that an increase in the concentration
of Zn?* jons decreased the cytotoxicity of Zn** functionalized
hydroxyapatite composite [22]. It was also shown that Zn?**
ions had an interesting effect: low concentrations promote cell
adhesion and proliferation, while high concentrations cause
opposite cellular responses [23]. Therefore, the study of this
phenomenon is still an important task.

4. Conclusions

1. HPT of pure Zn leads to the grain refinement from
70-100 um in the as-cast state to 710 £ 40 nm after deformation.

Table 3. Biocompatibility parameters and biodegradation rate of pure Zn in various states.

Parameter Condition Mean +SD, % *p *p
As-cast 110+27 0.74 0.9
Hemolysis HPT 114+0 0.26 '
Control 100£1 - -
As-cast 74+1 0.002
ML viability HPT 84+2 0.11 0.03
Control 1007 - -
. Annealing 0.15+0.02 -
Degradation rate OPT 02120.03 - 0.19
*difference from control
**difference between as-cast and HPT-treated states
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Fig. 3. (Color online) {00.2} and {11.0} pole figures and ODF sections at ¢, =0° for pure Zn before and after HPT.
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2. Thegrainrefinementincreases the strength (YS — from
41+8 to 218+4 MPa, UTS — from 44+7 to 247+12 MPa)
and ductility (from 6.2+1.3% to 55.1+14.4%) of pure Zn.

3. HPT of pure Zn leads to the formation of a sharp basal
texture.

4. HPT does not affect the hemolytic activity, but reduces
the ML cytotoxicity of pure Zn compared to as-cast state due
to a slight increase in its degradation rate.
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