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Abstract. Thermal stability of microstructure of the magnesium alloy Mg-2%Sr processed by
high pressure torsion has been studied using scanning and transmission electron microscopy. It
was shown that formation of bimodal structure after additional annealing at a temperature of
200°C leads to demonstration of enhanced ultimate tensile strength (245 MPa) with a ductility
of 1.5%. In addition a uniform distribution of eutectic phase in bimodal structure led to a
slowing down of the corrosion rate to 2% for 31 days (compared to the initial state of 78% for
the same period).

1. Introduction

Many scientists are engaged in improving the biological properties of materials for the manufacture of
medical implants [1-3]. Among the various materials, great attention is paid to metal implants.
Magnesium and magnesium alloys have a great potential among other metals, because they are light
and bioresorbable, and can be used as a material for the manufacture of screws, pins and plates should,
if they have a high level of mechanical properties and a low rate of corrosion. Pure magnesium does
not meet such requirements in the first place due to its low strength. Thus, for the effective use of
magnesium as a biomaterial, it is necessary to increase its strength characteristics by alloying with
other elements. However, the choice of alloying elements is not so wide, because these elements must
also be biocompatible and not cause allergic reactions [4]. In the present work, Sr was chosen as the
alloying element, since it is a natural element for the bone [5]. It was found out that the Sr content of
2wt% is optimal in the ratio of strength and ductility characteristics, but the cast Mg-2%Sr alloy still
does not have sufficient mechanical properties to make medical products from it [5]. It is known that
deformed magnesium alloys have a higher level of mechanical properties compared to cast alloys [7-9].
Recently, methods of controlling the structure have been actively developed by grain refinement and
creating a uniform distribution of excess phases, based on the use of severe plastic deformation [10].
With the help of such methods, and in particular of high pressure torsion (HPT), deep structural
changes occur, including significant grain refinement and partial dissolution of the excess phase
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components. In the present work we investigated the effect of high pressure torsion and additional
thermal treatment on the structural-phase, mechanical and corrosion changes of magnesium alloy Mg-
2wt%Sr.

2. Experimental

As the initial material, we used samples of an Mg-2wt%Sr alloy subjected to solid solution treatment
at 430°C for 24 h and subsequent quenching.

To obtain a nanostructured state in a magnesium alloy Mg-2% Sr, disks with a diameter of 20 mm
and a thickness of 1 mm were subjected to HPT at a pressure of 6 GPa at room temperature. For the
development of the structure, 10 revolutions were performed with a strain rate of 1 rpm.

The macrostructure was studied with an Olympus GX51 optical microscope. The microstructure
was examined with a JEM-6390 scanning electron microscope (SEM) and a transmission electron
microscope (TEM) JEM-2100 with accelerating voltages of 10 kV and 200 kV, respectively. The discs
with a diameter of 3 mm for TEM foils were cut out after grinding to 0.1 mm. Then they were
subjected to twin-jet electropolishing on Tenupole-5. Electrolyte for electropolishing consisted of of
HCI acid - 10% and methanol - 90%. The average grain size was determined by the intercept method
and was calculated from more than 250 grains measurement.

The microhardness of samples HV was measured by the Vickers method using a Micromet-5101
device with a load of 1 N and a dwell time of 10 s. Each sample was measured along a diameter more
than 20 times to provide reliable results.

Tensile tests were performed on an Instron 5982 testing machine at room temperature and initial
strain rate of 10~c” using specimens with a gage dimension of 0.6x1x4.5 mm”. A set of 3 samples was
tested for each condition.

The corrosion tests were carried out according to ASTM G1-03-E. This study presents the mass
loss results of magnesium alloy in a 0,9% NaCl at temperature 37 °C.

3. Results and discussion
The structure of the Mg-2%Sr alloy after homogenization is a solid solution (a-Mg), with the eutectic

(a-Mg + Mg;;Sr1,) located along the grain boundaries (Fig. 1). The average grain size was 252 + 42 um.
The volume fraction of the eutectic was 17 + 1%.
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Figure 1. Microstructure of the Mg-2%Sr alloy in the initial samples

As a result of high pressure torsion, an ultrafine-grained structure with an average grain size of 432 +
52 nm was formed in the alloy (Fig. 2). Investigations of microstructure of the HPT samples revealed
a high density of dislocations in both the overall microstructure (Fig. 2a) and individual grains
(Fig. 2b). However, small recrystallized grains with a size of about 200 + 24 nm, free from
dislocations (Fig. 2c) were also found out. A significant difference in the structure of the eutectic
(Fig. 2¢) was found in comparison with the initial state. SEM images showed the eutectic phase is
noticeably partitioned, and its volume fraction decreased to 11 £ 1%, which indicates its partial
dissolution at plastic deformation.
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In the microstructure of the samples subjected to the HPT and additional annealing at a temperature
of 150 °C, a small increase in the average grain size to 530 + 37 nm was observed due to migration of
grain boundaries (Fig. 3a). Inside grains a high density of dislocations was observed (Fig. 3a), and no
changes in the volume fraction of the eutectic phase was detected (Fig. 3b).
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Figure 2. Microstructure of the Mg-2%Sr alloy after HPT: (a-c) TEM, (d) SEM

Studies of microstructure after HPT and additional annealing at a temperature of 200 °C revealed a
strong decrease in the dislocation density (Fig. 4a). In the structure, fine grains were found with a size
on the order of 0.8 + 0.2 um (Fig. 4a) and large ones with a size of 4 £ 1 um (Fig. 4b). According to
[11] the creation of such a bimodal structure should lead to both the high strength due to small grains
and improved ductility at the expense of dislocation sliding in large ones. Changes in the volume
fraction of eutectic component in this sample were not observed.

Figure 3. Microstructure of the Mg-2%Sr alloy after HPT and
additional annealing at 150°C:(a) TEM, (b) SEM

Further development of recrystallization with the formation of a bimodal structure has been observed
after additional annealing of the HPT samples at the temperatures of 250 (Fig. 5a) and 300°C (Fig. 6b).
The eutectic with increasing temperature of additional annealing is transformed into single elongated
conglomerates (Fig. 5Sb and 6b).
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The microhardness of the initial samples was 42 + 3 HV and increased after HPT up to 65 + 5 HV,
which is 1.5 times higher due to strong grain refinement. The study of thermal stability of the HPT
samples by the microhardness measurements made it possible to establish that the samples are stable
only up to temperature of 150°C (Fig. 7a). Thus, after additional annealing at 150°C, the
microhardness remained practically unchanged, and after 200 °C a significant decrease to 53 =4 HV
was found out. Further, a monotonic decrease in microhardness was observed.

> ) . 10kV x150- 100pm 09 47 SEI
Flgure 4. Microstructure of the Mg Z%Sr aIon after HPT and addltlonal annealing at 200°C:
(@) TEM, (b,c) SEM
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Figure 5. Microstructure of the Mg-2%Sr alloy after HPT and additional
annealing at 250°C: (a, b) SEM

Figure 6 Microstructure of the Mg -2%Sr aIIy after HP and addltlonal
annealing at 300°C: (a, b) SEM

Figure 7b shows the results of tensile tests for the Mg-2%Sr alloy after various treatments. The initial
samples after solid solution treatment do not have attractive mechanical properties compared to other
magnesium alloys that have recently been developed for medical applications [8,9]. After the HPT and
additional annealing at a temperature of 150°C, the samples have high microhardness, which implies
the enhanced ultimate tensile strength. However, because of high internal stresses these samples
showed brittle failure, not even reaching the yield stress. After additional annealing at the temperatures
of 200, 250 and 300°C, the samples showed the enhanced strength and simultaneously residual
ductility due to formation of a bimodal structure.
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Figure 7. (a) - Microhardness dependence on the annealing temperature for the HPT samples of the
Mg-2Sr alloy; (b) — results of tensile tests for the Mg-2Sr alloy at T=20°C and a strain rate of 107 s

Studies of the corrosion resistance (Fig. 8a) of the Mg-2Sr alloy were carried out using
samples subjected to HPT and additional annealing at 200<C in comparison with samples
after solid solution treatment. It was found that the rate of the mass loss after solid solution
treatment is higher than after the HPT and additional annealing. In particular the sample after
solid solution treatment lost 72% of the initial mass after tests for 31 days, and the sample
subjected to HPT and additional annealing was only 2%. Appearance of samples before the
studies (0 days) and after exposure to saline (for days 15 and 27) are shown in Figure 8b. A
decrease in the corrosion rate with grain refinement is typical for magnesium alloys [12-14].
In this study, an extra reason of less corrosion rate in ultrafine grained sample can be
destroying at the HPT processing of a continuous grid of eutectics playing the role of a
cathode at corrosion tests. So, the combination of enhanced strength and corrosion resistance
observed in ultrafine grained Mg-2%Sr alloy can be attractive for next investigations of
functional properties of the alloy to improve the design of implants in medicine.
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Figure 8. (a) The mass loss dependence on the exposure to saline of the Mg-2%Sr alloy;
(b) appearance of the samples before (0 days) and after corrosion tests (15 and 27 days)

4. Conclusion

It was demonstrated that a combination of high pressure torsion and additional annealing at a
temperature of 200<C leads to the formation of a bimodal structure providing the enhanced
ultimate tensile strength of 245 MPa and residual ductility of 1.5%. In addition the grain
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refinement and destroying of a continuous grid of eutectics at the HPT processing allowed
reducing the corrosion rate from 78 to 2% in 0.9% NaCl for 31 days. The significant increase
in both the strength and corrosion resistance of ultrafine grained Mg-2%Sr alloy can be
attractive for next investigations of functional properties of the alloy to improve the design of
implants in medicine. Hamm Oyaymue wucciemoBaHus OyayT HaleICHBI Ha BBISBICHHE
yCIIoBUH AePOpMAIIMIOHHO-TEPMHUYECKON 00pabOTKH CIIaBa KOTOPBIE 00ecredaT ynpouyHeHUE
HE TOJIBKO 3a CUeT IIOBBIIIICHU A IINIOTHOCTH rpaHun, HO u 3a CUeT
TBEPIOPACTBOPHOT0/ IUCIIEPCHOHHOTO YIIPOYHEHUSI.
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