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Abstract: Biocompatibility makes magnesium alloys attractive functional materials in terms of their use as biodegrada-

ble implants. However, the technologies for manufacturing semi-finished products carry a possible diversity of the local 

strain rate and temperature within a rather wide range, which affects the processed material structure and properties.  

The purpose of this study is to determine the range of temperatures and resistance to deformation, at which there is no ne-

gative effect on the main structural characteristics of the processed material, using the example of a medical purposes alloy 

of the Mg–Zn–Y alloying system. The authors carried out mechanical tests of a biodegradable Mg–1Zn–2.9Y magnesium 

alloy at various temperatures and strain rates. The influence of temperatures in the range of 20...400 °C on the structure 

and properties of the Mg–Zn–Y system alloy is disclosed. Starting from a temperature of 350 °C, the process of dynamic 

recrystallisation is accompanied both by the complete restoration (return) of the original microstructure and by coarsening 

of the grain size, which can adversely affect the material functional characteristics. The high thermal stability of the biode-

gradable Mg–1Zn–2.9Y magnesium alloy is revealed, which probably results from the presence of the LPSO phase in it. 

The study shows that the deformation process is accompanied by twinning. At a strain rate of 2∙10−2 s−1 over the entire 

temperature range, the grain size distribution slightly narrows and shifts towards smaller diameters. The application of  

the obtained results in technological processes for manufacturing medical semi-finished products will help to solve  

the issue of microstructure instability at the stage of transition from a semi-finished product to a finished product during 

subsequent thermomechanical treatments. 
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INTRODUCTION 

Recently, biodegradable magnesium alloys have 

drawn the attention of developers of medical materials 

due to their attractive properties, including osteointegra-

tion [1; 2]. In fact, they formed a separate class of new 

generation biodegradable metal materials. Compared to 

other metal materials used as orthopaedic implants, such 

as titanium, titanium alloys, and stainless steels, the elas-

tic modulus of magnesium alloys is closest in value 
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to that of human bone tissue [3]. Moreover, magnesium 

and its alloys are already used as temporary implants that 

are completely degradable in a biological environment  

(in vivo), and are replaced by newly formed bone, which 

eliminates the necessity of repeated surgical interference 

to remove the implant. Many studies have proven that 

magnesium alloys are safe, and effective materials for 

medical implants [3–5]. Magnesium ions released from 

the alloy showed good biological activity [6–8]. The mag-

nesium alloy implanted in the human body is gradually 

destroyed (dissolved) and absorbed [9], and excess mag-

nesium ions are removed from the human body due to 

metabolism. The absence of the necessity of repeated 

operations to remove implants significantly reduces mor-

bidity and the risk of injury. This feature makes them 

extremely attractive to the market of biodegradable metal 

implants designed to restore bones that require temporary 

support. 

Despite all the advantages, magnesium and its alloys are 

characterised by relatively low strength and corrosion re-

sistance. Many studies have been carried out to improve 

their mechanical properties and corrosion resistance by 

alloying [10; 11]. For example, the addition of rare-earth 

metals promotes dynamic recrystallisation of magnesium 

alloys and increases tensile strength without loss of ductili-

ty [12; 13]. The addition of yttrium (Y) can simultaneously 

improve both ductility [14] and corrosion resistance [15] of 

a magnesium alloy. Moreover, a significant improvement in 

the properties of magnesium alloys is possible due to sur-

face modification [16]. 

At present, much attention is paid to the hardening of 

magnesium and its alloys by methods based on severe 

plastic deformation (SPD), in particular, multi-axial 

isothermal forging [17]. Magnesium and its alloys are 

poorly deformed, since they have a hexagonal close-

packed lattice, and only two primary slip systems: 

(0001)<1120> and (1010)<1120> [18]. To increase the 

number of possible slip systems, it is usually necessary 

to increase the deformation processing temperature, 

which naturally negatively affects the final properties of 

the material [19]. 

The modern technology for manufacturing macro-

scopic products from magnesium and its alloys is quite 

well deveoped, however, for most medical products, 

semi-finished products of small sizes in one or two di-

mensions (foil, thin-walled tubes, wire, etc.) are re-

quired. The manufacture of such semi-finished products 

is associated with the application of large deformation 

technologies (drawing, rolling, and extrusion). The de-

velopment of a technology for the production of medical 

devices is impossible without knowing the temperature-

velocity behaviour of alloys in the process of active de-

formation. At the same time, the ultimate goal is both to 

develop a technology for manufacturing thin-walled 

semi-finished products and to form the required func-

tional properties, which are largely determined by the mi-

crostructure characteristics. 

Since the microstructure of metals and alloys is 

formed as a result of dynamic rearrangements of a defec-

tive ensemble, and acoustic emission (AE) arising during 

their deformation is a unique phenomenon capable of 

precisely reflecting defect dynamics [20], in this work, 

we will use AE as an experimental method of controlling 

and diagnosing the evolution of a defective ensemble  

in situ, including for monitoring possible recrystallisa-

tion processes. 

The purpose of this work is to determine the influence 

of temperature-velocity factors on possible recrystallisation 

processes and microstructure parameters of a medical pur-

pose alloy of the Mg–Zn–Y alloying system. 

 

METHODS 

Material and test samples 

To carry out the research, a low alloy with a nominal 

composition of Mg–1Zn–2.9Y (at. %) was selected, which 

was manufactured based on Mg95V pig magnesium at 

SOMZ LLC (Solikamsk). 

The chemical composition of the produced alloy was 

determined using an ARL 4460-1632 high-precision optical 

emission spectrometer. The results of the chemical compo-

sition analysis are shown in Table 1. 

End sections containing casting defects were cut off 

from the resulting castings, and to remove surface defects, 

the castings were machined on a lathe. After mechanical 

treatment, the blanks were subjected to homogenising at 

430 °C for 24 h. 

Multi-axial isothermal forging (MIF) was carried out 

at the production base of the IMSP RAS (Ufa). When 

performing each forging cycle, the total degree of de-

formation ε was about 1.4. MIF was implemented using 

a PA2638 hydraulic press (630 tf) equipped with  

a UIShB 510 isothermal die block with flat dies and an 

induction heater. In total, the blank underwent 16 forg-

ing cycles in the temperature range of 325...400 °C.  

At the final stage, to obtain plates, the blank was upset 

on a press at 325 °C. 

The mechanical properties of the resulting material 

were evaluated using two types of cylindrical specimens 

made according to the drawings (Fig. 1). For mass test-

ing, the samples had a working part with a diameter of 

5 mm and a length of 25 mm (Fig. 1 a), and for tests with 

AE registration, the samples were more massive: 8 mm 

in diameter, 40 mm long, and with a flat for installing an 

AE sensor (Fig. 1 b). The longitudinal axis of the sam-

ples corresponded to the expanding direction (RD) after 

upsetting. 

Experimental technique 

Samples were tested for uniaxial tension on an In-

stron 8802 universal servohydraulic testing system (Eng-

land) with nominal strain rates: 5∙10−4, 5∙10−3, 2∙10−2 s−1, 

using an Instron 3119-406 climate chamber at temperatures: 

20, 100, 150, 200, 250, 300, and 400 °C (heating uniformity 

was controlled using thermocouples). 

Additional tests were carried out: 

1) the alloy in the initial state was kept in a furnace at 

400 °C (the holding time was chosen to be equal to the 

time of testing the sample with a strain rate of 5∙10−3 s−1 

by 8 %); 

2) the alloy in the initial state was deformed by 8 % 

with a strain rate of 5∙10−3 s−1 at room temperature, and then 

kept in a furnace at 400 °C (the holding time was chosen to 

be equal to the time of testing the sample with a strain rate 

of 5∙10−3 s−1 by 8 %). 
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Table 1. Chemical composition of the Mg–Zn–Y system alloy 

Таблица 1. Химический состав сплава системы Mg–Zn–Y 

 

 

Name of alloy 
Alloying elements, at. % 

Mg Zn Y Zr* Other elements’ amount 

Mg–1Zn–2.9Y Base 0.8 2.2 0.076 0.1 
 

Note. *Zirconium is added to a melt to reduce the content of iron impurities and grain refinement. 

Примечание. *Цирконий добавляется в расплав для снижения содержания примесей железа и измельчения зерна. 

 

 

 

          

 a b 

Fig. 1. Specimens for mechanical tests: a – for mass temperature-speed tests; 

b – with a flat for tests with simultaneous recording of an acoustic emission signal 
Рис. 1. Образцы для механических испытаний: a – для массовых температурно-скоростных испытаний;  

b – с лыской для испытаний с одновременной регистрацией сигнала акустической эмиссии 

 

 

 

Deformation was measured using an Epsilon 3448 ex-

tensometer (item 3, Fig. 2). 

To record the AE signal, the authors used the equipment 

consisting of a MSAE-1300WB broadband piezoelectric 

transducer (Microsensors, Sarov) with an operating frequen-

cy range of 50...1300 kHz; a PAC 2/4/6 low-noise preampli-

fier (USA) with a bandwidth of 10...1200 kHz and an ampli-

fication of +60 dB; a PAC PCI-2 low-noise registration sys-

tem, which allows recording a signal into the computer 

memory in streaming mode (stream) with a resolution of 

16 bits and a signal sampling frequency of 2 MHz, input fil-

ter bandwidth of 100...1000 kHz, and additional amplifica-

tion of +6 dB. After testing, the recorded stream was sequen-

tially divided into frames with a duration of 4096 samples, 

for each of which the energy (E) and median frequency (fm) 

(the frequency dividing the area under the spectral density 

power curve into two equal parts) were calculated and syn-

chronized with the deformation curve. The AE technique is 

described in more detail in our earlier work [20]. 

The microstructure study was carried out on cross-

sectional tensile specimens (TD) in the middle of 

the working base. Microstructure analysis was per-

formed using the EBSD method. The metallographic 

specimens were prepared by grinding on a sandpaper of 

different grain sizes, polishing using a diamond suspen-

sion (with a particle size ranging from 9 µm to 

0.25 µm) and Hitachi IM4000 Plus finishing ion polish-

ing (Japan) (the inclination of 3° to the surface, acceleration 

of 6 kV and discharge of 1.5 kV, argon gas 0.1 cm3/min 

and 25 rpm 1–2 h). 

To estimate the microstructure parameter, the authors 

used a Zeiss Sigma scanning electron microscope (Carl 

Zeiss, Germany) equipped with a TFE cathode and  

an EDAX/TSL backscattered electron diffraction detec-

tor (EDAX, Mahwa, New Jersey, USA). Microstructure 

scanning was carried out with a step of 250...350 nm,  

the structural element reliability criterion was 6÷8 points, 

with a codirectional orientation within 5°. Based on  

the obtained structure maps, histograms of grain-

boundary angles and grain sizes were constructed. The 

diameter of a circle with an equivalent area was chosen 

as the grain size estimate. 
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RESULTS 

The initial microstructure of the Mg–1Zn–2.9Y alloy 
(Fig. 3 a) consists of fine grains (average diameter is 
(1.5±0.7) µm) slightly elongated as a result of alloy upset-
ting after MIF. The grain size distribution is lognormal 
(Fig. 3 b), and the histogram of grain-boundary angles 
(Fig. 3 c) reveals a maximum around a 30° angle. 

As an example, Fig. 4 shows mechanical diagrams for 
uniaxial tensile tests of specimens at temperatures of 20 
(Fig. 4 a) and 200 °C (Fig. 4 b) with three strain rates. 

Due to the fact that the level of AE signals turned out to 

be very low even at room temperature, it was possible to 

carry out correct tests only for the highest strain rate 

(2∙10−2 s−1). As an example, Fig. 5 shows diagrams of  

the AE parameters combined with the uniaxial tension 

curve in the test temperature range of 20–250 °C and at  

a strain rate of 2∙10−2 s−1. 

At elevated temperatures of mechanical tests, the pre-

sented diagrams (Fig. 5 b–d) show a sharp transition to 

plastic deformation resembling a yield tooth, which is not 

observed in tests at room temperature. The presence of two 

kinks is also visible in the diagram. In this interval (from 

the “yield tooth” to the last “kink”), the deformation is ac-

companied by a rather powerful AE. 

The study of the microstructure in specimens tested at  

a maximum strain rate of 2∙10−2 s−1 at temperatures of 150, 

200, 250, and 300 °C was carried out after loading was 

stopped at a total strain of 4, 8, and 16 %. As an example,  

a view of the microstructure (Fig. 6 a) is shown, as well as 

the histograms of grain size distributions (Fig. 6 b) and 

grain-boundary angles (Fig. 6 c) after tests at a temperature 

of 250 °C and with a degree of deformation of 16 %. 

According to the results of the studies, no significant 

changes in the structure compared to the initial state (Fig. 3) 

at all temperatures and degrees of deformation were re-

vealed. The investigated alloy has a high thermal stability, 

which is probably related to the presence of the LPSO 

phase in it. 

Since no significant changes occurred in the structure in 

the temperature range of 20–300 °C, to find the boundary of 

such “insensitivity”, it was decided to additionally test  

the specimens with a strain rate of 5∙10–3 s–1 up to a strain 

of 8 % at 350 and 400 °C. As can be seen, in these cases, 

the microstructure (Fig. 7, 8) consists of larger grains and 

the peak in the histogram of distribution of grain boundaries 

over the grain-boundary angles shifted closer to ~90°. 

To identify the reasons for the growth of average grain 

size, which may be associated with dynamic or static re-

crystallisation, the authors carried out additional studies. 

Fig. 9 and 10 show the microstructures of the samples, as 

well as the grain size distributions and distributions of 

grain-boundary angles after soaking at 400 °C (Fig. 9) and 

after soaking at 400 °C of the Mg–1Zn–2.9Y alloy pre-

deformed by 8 % at room temperature with a strain rate  

of 5∙10−3 s−1 (Fig. 10). 

 

DISCUSSION 

At the highest temperature of tests with AE registration 

(250 °C), the dependence of the median frequency on time 

(of strain) is of oscillatory character (Fig. 5 d). According 

to our hypothesis, this may be related to the recrystallisa-

tion nature, in particular, to the fact that, the dynamic re-

crystallisation process in the Mg–1Zn–2.9Y alloy proceeds 

continuously (does not coincide in time in spatially separat-

ed regions of the metal) due to the presence of the LPSO 

phase in it. 

The study of the microstructure in samples tested at  

a maximum strain rate of 2∙10−2 s−1 at temperatures of 

150, 200, 250, and 300 °C of testing carried out after  

the loading was stopped, and at a total strain of 4, 8, and 

16 % (Fig. 6) showed no significant changes compared 

to the initial state (Fig. 3). The investigated alloy has  

a high thermal stability, which is probably related to  

the presence of the LPSO phase in it. However, the fol-

lowing peculiarities were identified: 

1) in all cases, except for the initial state, the histograms 

of the grain-boundary angles show a high-angle component 

(a peak near 90°) associated with twin boundaries 

(Fig. 6 c), i. e., mechanical twinning was present in all   

the cases studied; 

2) at the highest strain rate at all temperatures, the grain 

size distribution narrows and shifts towards smaller diame-

ters in relation to the initial state, which has a positive ef-

fect on the material functional characteristics. 

Comparing the results of action of a temperature  

of 400 °C on a material in the static state (in the initial 

(Fig. 9) and deformed by 8 % (Fig. 10) states) with the 

result of exposure to the same temperature, but in the 

dynamic mode (at active deformation (Fig. 8)) demon-

strates fundamental changes. If in the dynamic mode at  

a temperature of 400 °C, compared to lower tempera-

tures, the average grain size grows, but at a low grain 

size nonhomogeneity (Fig. 8 a, 8 b), then in the static 

mode at a temperature of 400 °C, the process of inhomo-

geneous recrystallisation occurs with the formation of 

interlayers of large grains (Fig. 9 a, 9 b), which is even 

more pronounced after a preliminary deformation of 8 % 

(Fig. 10 a, 10 b). 

Thus, starting from a temperature of 350 °C, the process 

of dynamic recrystallisation in the alloy under study is ac-

companied both by the complete restoration (return) of  

the initial microstructure and by coarsening of the grain 

size, which can adversely affect the Mg–1Zn–2.9Y alloy 

functional parameters. 

 

CONCLUSIONS 

Based on the results of mechanical tests of a medical 

purpose magnesium alloy of the Mg–Zn–Y alloying sys-

tem, it was found that in the range of test temperature 

(150÷300) °С and rate (5∙10−4÷2∙10−2) s−1, no significant 

changes occur in the structure compared to the initial state 

(after multi-axial isothermal forging). The investigated al-

loy has a high thermal stability, which is obviously attribut-

ed to the presence of the LPSO phase in it. The formation 

of a peak near the 90° angle on the histograms of the distri-

bution of grain-boundary angles indicates a significant role 

of the twinning process in the overall deformation process. 

Moreover, at the highest strain rate over the entire tempera-

ture range, the grain size distribution narrows slightly and 

shifts towards smaller diameters, which positively affects 

the Mg–1Zn–2.9Y alloy microstructure and the material 

functional characteristics. 

Starting from a temperature of 350 °C, the process 

of dynamic recrystallisation is accompanied both by 
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Fig. 2. A unit for uniaxial tensile tests of specimens: 

1 – specimen; 2 – jaws; 3 – extensometer; 4 – acoustic emission sensor 

Рис. 2. Установка для испытаний на одноосное растяжение образцов: 

1 – образец; 2 – захваты; 3 – экстензометр; 4 – датчик акустической эмиссии 

 

 

 

  

a 

          

 b c 

Fig. 3. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy in the initial state 

Рис. 3. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y в исходном состоянии 
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 a b 

Fig. 4. Diagrams of mechanical tests in the “stress – strain” coordinates  

for three rates of deformation at temperatures of 20 °C (a) and 200 °C (b) 

Рис. 4. Диаграммы механических испытаний в координатах «напряжение – деформация»  

для трех скоростей деформации при температурах 20 °C (a) и 200 °C (b) 

 

 

 

 

 

         

 a b 

         

 c d 

Fig. 5. Diagrams of acoustic emission signal parameters brought in coincidence with the curve of uniaxial tension  

at test temperatures of 20 °C (a), 150 °С (b), 200 °С (c), and 250 °С (d) and deformation rate of 2∙10−2 s−1 
Рис. 5. Диаграммы параметров сигнала акустической эмиссии, совмещенные с кривой одноосного растяжения  

при температурах испытаний 20 °C (a), 150 °С (b), 200 °С (c) и 250 °С (d) и скоростью деформирования 2∙10−2 с−1 
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 a b c 

Fig. 6. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after temperature tests at 250 °C with a deformation rate of 2∙10−2 s−1 and deformation degree of 16 % 

Рис. 6. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после температурных испытаний при 250 °C  

со скоростью деформации 2∙10−2 с−1 и степенью деформации 16 % 

 

 

 

           

 a b c 

Fig. 7. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after temperature tests at 350 °C with a deformation rate of 5∙10−3 s−1 and deformation degree of 8 % 

Рис. 7. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после температурных испытаний при 350 °C  

со скоростью деформации 5∙10−3 с−1 и степенью деформации 8 % 

 

 

 

           

 a b c 

Fig. 8. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after temperature tests at 400 °C with a deformation rate of 5∙10−3 s−1 and deformation degree of 8 % 

Рис. 8. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после температурных испытаний при 400 °C  

со скоростью деформации 5∙10−3 с−1 и степенью деформации 8 % 
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 a b c 

Fig. 9. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after soaking at a temperature of 400 °C 

Рис. 9. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после выдержки при температуре 400 °C 

 

 

 

           

 a b c 

Fig. 10. Microstructure (a), grain size distribution (b), and grain-boundary angle distribution (c)  

of the Mg–1Zn–2.9Y alloy after 8 % deformation at room temperature  

with a deformation rate of 5∙10−3 s−1 and further soaking at 400 °C 

Рис. 10. Микроструктура (a), распределение зерен по размерам (b) и распределение по углам разориентировки (c)  

сплава Mg–1Zn–2,9Y после деформации 8 % при комнатной температуре  

со скоростью деформации 5∙10−3 с−1 и дальнейшей выдержке при 400 °C 

 

 

 

the complete restoration (return) of the original micro-

structure and by coarsening of the grain size, which can 

adversely affect the material functional characteristics 

and is unacceptable with regard to the variability of 

technological parameters. 

Thus, the Mg–1Zn–2.9Y alloy in the state after multi-

axial isothermal forging has a thermally stable fine-grained 

structure, which allows leveling the negative effect of pos-

sible fluctuations in the technological parameters of shaping 

in the range of strain temperature (150÷300) °C and rates 

(5∙10−4÷2∙10−2) s−1. 
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Аннотация: Биосовместимость делает сплавы магния привлекательными функциональными материалами  

с точки зрения их использования в качестве биорезорбируемых имплантатов. Однако технологии изготовления 

полуфабрикатов несут в себе возможное варьирование локальной скорости деформации и температуры в доста-

точно широком диапазоне, что сказывается на структуре и свойствах обрабатываемого материала. Цель исследо-

вания состоит в определении диапазона температур и стойкостей деформации, при которых не происходит  
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отрицательного влияния на основные структурные характеристики обрабатываемого материала, на примере  

сплава медицинского назначения системы легирования Mg–Zn–Y. Проведены механические испытания биоразла-

гаемого магниевого сплава Mg–1Zn–2,9Y при различных температурах и скоростях деформации. Раскрыто влия-

ние температур в диапазоне 20…400 °C на структуру и свойства сплава системы Mg–Zn–Y. Начиная с температу-

ры 350 °C, процесс динамической рекристаллизации сопровождается не только полным восстановлением (возвра-

том) исходной микроструктуры, но и укрупнением размеров зерна, что может негативно сказаться на функцио-

нальных характеристиках материала. Выявлена высокая термостабильность биоразлагаемого магниевого сплава 

Mg–1Zn–2,9Y, что, вероятно, объясняется наличием в нем LPSO-фазы. Показано, что деформационный процесс 

сопровождается двойникованием. При скорости деформации 2∙10−2 с−1 во всем температурном диапазоне распре-

деление зерен по размерам несколько сужается и смещается в сторону меньших диаметров. Использование полу-

ченных результатов в технологических процессах изготовления полуфабрикатов медицинского назначения помо-

жет решить проблему нестабильности микроструктуры на стадии перехода от полуфабриката в изделие при  

последующих термомеханических обработках. 

Ключевые слова: магниевые сплавы медицинского назначения; биоразлагаемые магниевые сплавы; Mg–1Zn–

2,9Y; температурно-скоростная деформация; сплав медицинского назначения; магниевые сплавы; динамическая 

рекристаллизация; эволюция микроструктуры. 
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