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Abstract

Biodegradable implants are effective because of no revision surgery is needed for further implant removing. It
was known that the Mg-Zn-Ca-(Mn) alloys are promising for biodegradable applications because of high
biocompatibility and enough mechanical properties. The influence of hot extrusion at different temperatures
on the microstructure and mechanical properties in longitudinal and transverse direction with respect to the
deformation axis of four Mg-Zn-Ca-(Mn) alloys was studied in this research. It was established that for low hot
extrusion temperatures the large non-recrystallized elongated grains surrounded by fine grains are typical.
With increasing of hot extrusion temperature, the fully recrystallized fine uniform grains were observed. The
grain size after extrusion change from 1.5 to 6.2 ym and the upper limit relates to hot extrusion at high
temperatures. It was demonstrated that higher ultimate tensile strength, higher yield strength and lower
elongation is typical for low hot extrusion temperatures and vice versa. The mechanical properties are higher
in longitudinal direction and the best its combination was observed for MgZn4Ca0.5 alloy.
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1. INTRODUCTION

The density and Young modulus of magnesium alloys are close to those of cortical bone [1,2]. Therefore, these
alloys were used as materials for producing of biodegradable implants [2]. The Mg-Zn-Ca alloys are promising
for biodegradable applications in view of high biocompatibility [3]. In previous works shown that after hot
extrusion or equal channel angular pressing (ECAP) these alloys have high mechanical properties [3-8]. Also,
the Mn addition was used for grain refinement and for corrosion resistance improvement [6,9,10].

The goal of this work was to investigate the microstructure and mechanical properties of Mg-Zn-Ca and Mg-
Zn-Ca-Mn alloys after hot extrusion at different temperatures.

2. MATERIALS AND METHODS

The commercial purity magnesium (99.9 wt% Mg), zinc (99.98 wt% Zn) and Mg-30 wt% Ca and Mg-2.7 wt%
Mn master alloys were used as raw materials for alloys preparation. Melting was carried out in induction
furnace under cover of carnallite flux for melt protection. The low-alloy steel crucible was used. For hot
extrusion processing the 60 mm diameter ingots were casted into aluminum permanent mold. The chemical
composition of alloys is presented in Table 1. Because of in each melt only two ingots were casted and for
each alloy melting was done twice, in table 1 the alloys composition range was presented. The ingots were
heat treated during 6 hours at 350 °C for stress relieving.
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Table 1 Chemical composition of alloys (in wt%)

Alloy Mg Zn Ca Mn
MgZn2Ca0.5 Bal. 2.1-24 0.4-0.7 -
MgZn4Ca0.5 Bal. 3.6-4.1 0.4-0.7 -

MgZn2Mn1Ca0.5 Bal. 2.1-2.2 0.4-0.6 0.8-1.0
MgZn4Mn1Ca0.5 Bal. 3.7-3.9 0.3-0.5 0.9-1.0

The ingots were machined to cylindrical-shaped billets for hot extrusion with the height of 145 mm and the
diameter of 50 mm. Before the hot extrusion, the billet and die preheated to 200-300 °C. The hot extrusion
was performed using the direct extrusion method under the ram speed of 2 mm/s and the extrusion ratio of 6.
Finally, cylindrical bars with the diameter of 20 mm and the length of ~1 m were obtained.

The Tescan Vega SBH3 Scanning Electron Microscope with EDS system Oxford and Carl Zeiss Axio
Observer.D1m optical microscope for microstructure analysis were used. For revealing of grains, the etchant
with the following composition: 11 g, picric acid; 11 ml, acetic acid; and 100 ml, ethanol was used. Grain size
was measured by linear intercept method. The alloys chemical composition was determined by EDS analysis
in metallographic sections with area of 1 mm2. For each sample three areas were analyzed, and mean
elements content was calculated. Microstructure observation was done in longitudinal and transverse sections
of extruded bars.

For mechanical testing the samples with 1.2x1.2 mm cross section and 12 mm length were spark machined
from extruded bars. The samples were cut in longitudinal and transverse direction (parallel and perpendicular
to rolling direction respectively). Tensile tests were performed on the INSTRON 5569 universal testing
machine.

3. RESULTS AND DISCUSSION

The microstructures of MgZn2Ca0.5, MgZn4Ca0.5 and MgZn2Mn1Ca0.5 alloys hot extruded at different
temperatures are presented in Figure 1. Both microstructures in longitudinal and transverse directions are
shown. The extrusion direction is shown by black arrow in longitudinal microstructure. It can be seen that in
alloys microstructures at longitudinal direction the elongated Ca:MgeZns phase (dark in photographs) is
observed. Also, for MgZn4Ca0.5 alloy the amount of CazMgsZns phase is higher than for other alloys. It is
important to note that for extrusion at lower temperatures the grain size is smaller, but in this case the ratio of
non-recrystallized large elongated grains is higher. At higher hot extrusion temperatures, the more uniform
distribution of grain size is observed.

The alloys grain size vs extrusion temperature shown on Figure 2. Firstly, we can see that grain size is
decreased with decreasing of hot extrusion temperature. The exception is MgZn4Ca0.5Mn1 alloy where the
grain size is near 3 ym at all extrusion temperatures. For MgZn2Ca0.5Mn1 alloy the difference in grain size
after extrusion at lowest and highest temperatures is lower than for MgZn2Ca0.5 and MgZn4Ca0.5 alloys. As
for alloys without Mn addition, the grain size for MgZn2Ca0.5 alloy at extrusion temperature 200 °C was 1.5
pm and at extrusion temperature 300 °C the grain size was 6.2 ym respectively.

The tensile properties vs extrusion temperature of the alloys after hot extrusion are shown in Figure 3. It can
be seen that ultimate tensile strength (UTS) for most of alloys and extrusion temperatures (Figure 3a) in
longitudinal direction is higher than in transverse direction. Only for MgZn2Ca0.5 and MgZn4Ca0.5 alloys the
UST is nearly the same in longitudinal and transverse directions at extrusion temperature of 300 °C. As for
influence of extrusion temperature on UTS it can be said that the UTS in longitudinal direction is increased
with decreasing of extrusion temperature, but for UTS in transverse directions no correlation with extrusion
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temperature is observed. The UTS in longitudinal direction is nearly the same for all of alloys compositions at
the same extrusion temperatures and the Zn and Mn contents have no influence on this property.
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Figure 1 The microstructure of alloys in longitudinal and transverse directions after hot extrusion at different
temperatures
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The vyield strength (YS) of the alloys vs extrusion
temperature is shown in Figure 3b. It can be seen that
YS of alloys in transverse direction is almost the same
for most of alloys (except MgZn2Ca0.5) and for all
extrusion temperatures. The YS in longitudinal direction
of alloys with 2 wt% of Zn (MgZn2Ca0.5 and
MgZn2Ca0.5Mn1) were not affected by hot extrusion
temperature. However, for alloys with 4 wt% Zn
(MgZn4Ca0.5 and MgZn4Ca0.5Mn1) at low extrusion
temperatures the higher YS in longitudinal direction was
observed. The difference of YS in longitudinal and
transverse direction was lower than for UTS. The only
exceptions were previously mentioned alloys with 4 wt%
Zn.

The elongation (EI) of the alloys vs extrusion
temperature is shown in Figure 3c. First of all it should
be said that high confidence interval for El is observed.
In most cases the El in longitudinal direction is higher
than in transverse direction. The highest elongation was
demonstrated for MgZn4Ca0.5 alloy at extrusion
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Figure 2 The grain size of alloys after hot
extrusion at different temperatures

temperatures of 250 and 300 °C. As for extrusion at low temperatures the El of that alloy is very high in
longitudinal and low in transverse direction. The high elongation (>20 %) in both longitudinal and transverse
directions is also observed for MgZn2Ca0.5 alloy, but only at extrusion temperature of 300 °C. It can be seen
that Mn addition has detrimental effect on alloys elongation.

The mechanical properties of the same alloys after ECAP processing are following: YS = 80-100 MPa; UTS =
220-240 MPa and El = 15-30 % [8]. It can be seen that investigated alloys after hot extrusion have higher YS
and UTS and near the same El in comparison with alloys after ECAP. However, the mechanical properties of
alloys after ECAP are the same in longitudinal and transverse directions. As for hot extrusion, the properties
are nearly the same in longitudinal and transverse directions at high extrusion temperatures only.
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Figure 3 The mechanical properties of alloys after hot extrusion at different temperatures: (a) ultimate tensile
strength (UTS); (b) yield strength (YS); (c) elongation (EI)

4. CONCLUSION

The influence of hot extrusion at different temperature on the microstructure and mechanical properties in
longitudinal and transverse directions of Mg-4%2Zn-0.5%Ca, Mg-2%2Zn-0.5%Ca, Mg-4%Zn-0.5%Ca-1%Mn
and Mg-2%2Zn-0.5%Ca-1%Mn (wt%) alloys were Investigated. The alloys microstructures consist of (Mg) solid
solution grains and Ca:MgsZns phase. At low hot extrusion temperatures, the large non-recrystallized
elongated grains are observed. However, at high hot extrusion temperatures, the microstructure looks uniform
and fully recrystallized. In most cases the grains are finer for low hot extrusion temperatures and grain size of
extruded alloys changes from 1.5 to 6.2 ym. Only for MgZn4Ca0.5Mn1 alloy the near 3 um grains are observed
at all extrusion temperatures. The mechanical properties are higher in longitudinal direction in comparison with
transverse direction. As for tensile properties vs extrusion temperature, it shows that for lower extrusion
temperatures high UTS, YS and low El of alloys are typical. The best combination of mechanical properties is
observed for MgZn4Ca0.5 alloy. Mn addition promotes the low El and higher difference of mechanical
properties in longitudinal and transverse directions.
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