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High Temperature Deformation Behavior of Mg-Sn(-Zn) Alloy
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In the present study, we have investigated the high temperature deformation behavior of Mg-Sn(-Zn) based
alloy systems in compan'son with that of Mg-Al alloy. Compared with Mg-Al alloy, Mg-Sn alloy exhibits
significantly refined grain structure and high ductility due to the presence of ﬁne Mg,Sn partlcles in the

a-Mg matrix, for example, 184 % at 350 °C under a strain rate of 1 x 107

. When Zn is added to the

Mg-Sn alloy, the elongatwn to failure remarkably increases from 184 % (Mg—Sn alloy) to 310 % under a

strain rate of 1 x 10~
that results from the add1t10n of Zn.

. Such an improvement in ductility is due to the significantly refined grain structure
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1. INTRODUCTION

Mg alloys have shown great potential as structural materi-
als for automotive and aerospace industries due to their low
density and relatively high strength [1]. However, their inher-
ent disadvantages, such as poor corrosion resistance, poor
creep resistance and low formability have restricted their
wide application as structural materials. To overcome these
drawbacks, recently, a large amount of research is being per-
formed on Mg-Sn based alloys. It has already been shown
that the addition of Sn as a major alloying element in Mg
alloys improves their corrosion resistance [2]. According to
the Mg-Sn binary phase diagram [3], a larger amount of Sn
is soluble in a-Mg, i.e. its solubility limit is about 14 wt.% at
a eutectic temperature of 561 °C. Moreover, in the Mg-Sn
binary system, there is only one inter-metallic compound,
Mg,Sn phase, exhibiting high thermal stability due to its
high melting point of 770 °C. Besides this, compared to other
solute elements used for commercial Mg alloys, such as Al,
Zn, and Mn, Sn has the lowest diffusivity level in Mg [4].
All these points suggest that a high temperature strength Mg-
Sn based alloy can be enhanced by utilizing precipitation
hardening or second phase hardening. As a result, there have
been many reports dealing with the excellent creep resis-
tance of Mg-Sn based alloys [5-12]. However, there have
been few reports on the high temperature formability and hot

*Corresponding author: dohkim@yonsei.ac.kr
©KIM and Springer

working behavior of Mg-Sn based alloys. Prasad et al. have
reported on the extrusion of ternary Mg-3Sn-1Ca (wt.%)
alloy with a fully recrystallized microstructure by introduc-
ing a processing map [13]. Sasaki et al. have reported that
the quaternary Mg-2.28n-0.5Zn-1.0Al (at.%) alloy shows
excellent extrudability at the relatively low temperature of
250 °C, and that it retains a high level of yield strength [14].
However, these previous reports have only focused on the
hot working behavior starting from as-cast ingots. Moreover,
there have been few reports on the high temperature defor-
mation behavior of Mg-Sn based alloys.

It is well known that due to their limited slip systems, Mg
alloys normally exhibit low formability at room temperature
[15]. To obtain the adequate ductility required for plastic
forming, Mg alloys need to be deformed above ~200 °C. It is
generally known that there are two major mechanisms by
which enough ductility for high temperature deformation
can be provided, i.e., superplasticity and dislocation glide
controlled creep [16]. Superplastic forming is possible when
an ultra fine-grained microstructure is introduced, and when
this microstructure should be accompanied by severe plastic
deformation processing. However, the superplastic forming
process has some disadvantages, such as high cost and small
product size. Introduction of high ductility by the dislocation
glide controlled creep mechanism has been observed in
coarse-grained Mg-Al solid solution alloys [17]. Although
high ductility can be obtained by the dislocation glide con-
trolled creep mechanism, a very low strain rate is required
during deformation [18].
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Since there have been very few previous reports on the
high temperature formability of Mg-Sn based alloys, the
present study intends to investigate the detailed high temper-
ature deformation behavior of Mg-1.5 at.% Sn and Mg-1.5
at.% Sn-0.8 at.% Zn alloy sheets fabricated by a hot-rolling
process. Since most of the superplastically formable Mg
alloys reported so far are based on the Mg-Al system, the
experimental results for the binary Mg-Sn alloy have been
compared with those for the binary Mg-1.5 at.% Al alloy.

2. EXPERIMENTAL PROCEDURE

Mg-1.5 at.% Sn, Mg-1.5 at.% Al and Mg-1.5 at.% Sn-(0.1
at.%, 0.4 at.%, 0.8 at.%) Zn alloys were prepared using high
purity metals. These alloys were melted in an electrical resis-
tance furnace under an SF¢+ CO, protective gas atmosphere.
Molten metal was poured into a preheated (100 °C) rectan-
gular steel mold of 1.5 cm thickness, 6 cm width, and 10 cm
height. Prior to the hot rolling, in order to eliminate solute
segregation, homogenization treatment was conducted at
450 °C and 350 °C for Mg-Sn(-Zn) and Mg-Al alloys, respec-
tively, for 24 h. After homogenization treatment, the samples
were immediately quenched in cold water in order to prevent
subsequent precipitation, which could bring about harmful
effects during the hot working process.

To obtain a fine-grained microstructure, the cast ingots (70
mm x 50 mm % 10 mm) were hot-rolled to a final thickness
of 1 mm (total reduction : 90 %). The ingots preheated at
350 °C for 15 min. were rolled with a maximum reduction
ratio of 30 % per pass. The rolls were preheated to 100 °C.

A uniaxial tensile test and strain-rate-change (SRC) test
were conducted using dog-bone specimens with a gauge
length of 10 mm. In order to obtain similar microstructures,
different annealing conditions were applied prior to mechan-
ical testing, i.e. 350 °C for 30 min. and 300 °C for 15 min. for
Mg-Sn(-Zn) and Mg-Al alloys, respectively. The longitudi-
nal direction of the tensile test specimens was parallel to the
rolling direction. Uniaxial tensile tests were carried out at a
temperature range from room temperature to 400 °C with a
strain-rate range between 1 x 10 s and 1 x 107 s, SRC
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tests covering the strain-rate range from 5 x 10°s™ to 1 x 10™'
s”' were performed at a temperature range from 300 °C to
400 °C. The tensile jig was heated inside the furnace, and
then the specimen was inserted into the heated jig. The spec-
imen was held for about 20 min. prior to the tensile test. To
maintain the steady-state stress and keep grain growth rate
to a minimum, a decremental step SRC test [19] was per-
formed. SRC test results were used to determine strain rate
sensitivities depending on temperature. Steady-state flow
stress values for nine different strain-rate conditions were
picked up and strain hardened and strain softened flow stress
values were excluded.

The microstructure was observed with optical microscopy
(OM; Leica DMRM), scanning electron microscopy (SEM,;
JEM 2001) and transmission electron microscopy (TEM;
JEM 2000 EX). Specimens for TEM were prepared by an
ion milling method (Gatan, model 600) under circulating
LN, cooling conditions. The mean grain size (d) was mea-
sured by linear intercept method using the equation d =
1.74L, where L is the linear intercept grain size determined
by optical microscopy.

3. RESULTS

Figure 1 shows optical micrographs obtained from static
annealed Mg-1.5 at.% Sn, Mg-1.5 at.% Al and Mg-1.5 at.%
Sn-0.8 at.% Zn alloy sheets after hot rolling. Different
annealing conditions for Mg-Sn(-Zn) and Mg-Al alloys, i.e.
350 °C for 30 min. in Mg-Sn(-Zn) alloys and 300 °C for 15
min were applied to obtain a similar grain size in binary Mg-
Sn and Mg-Al alloys, i.e. to investigate the high temperature
deformation behavior starting from the similar grain size
microstructure. The grain size in Mg-Sn and Mg-Sn alloys
was similar, ~16.7 and ~19.3 mm, respectively, but was sig-
nificantly smaller in the Mg-Sn-Zn alloy, i.e. ~9.35 mm.

Figure 2(a) describes the variations of elongation to failure
in the three alloys obtained from the tensile test under an ini-
tial strain rate of 1 x 10~ s~'. Although the Mg-Sn and Mg-
Al alloys exhibited a similar level of elongation to failure
below 325 °C, that value for the Mg-Sn alloy increased sig-

® ©

Fig. 1. Optical micrographs obtained from (a) Mg-Sn alloy annealed at 350 °C for 30 min., (b) Mg-Al alloy annealed at 300 °C for 15 min. and (c)

Mg-Sn-Zn alloy annealed at 350 °C for 30 min, respectively.
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Fig. 2. (a) The variations of elongation to failure as a function of temperature in three different alloys and (b) surface appearances of Mg-Sn-Zn

alloy tested up to failure at 350 °C.

Qo

2 =15 S @Sy i
ila WA

AL

(®)

Fig. 3. Microstructures obtained from the specimen tested at 350 °C at a strain rate of 1 x 10°s™ of (a) Mg-Sn and (b) Mg-Al alloy. (c) Bright field

TEM micrograph of same Mg-Sn alloy.

nificantly above the test temperature of 350 °C. Also, at the
test temperature of 350 °C, the Mg-Sn-Zn alloy showed the
highest level of elongation to failure: compared with the Mg-
Sn alloy, this elongation to failure was remarkably improved
from 184 % to 310 % at 350 °C. With decreasing strain rate,
the level of the elongation to failure was further improved,
for example, it reached 347 % at a strain rate of 2 x 10™*s™,
as can be seen in Fig. 2(b).

Figure 3 provides optical micrographs obtained from both
binary alloys tested at 350 °C with an initial strain rate of 1 x
107 s™'. Before the tensile test, in order to obtain similar
grain size in both alloys, different annealing conditions were
applied, as described earlier. After the tensile test, similar
grain size was retained in the Mg-Sn alloy, as shown in Fig.
3(a). However, significant grain growth occurred in the Mg-
Al alloy after the tensile test at 350 °C (Fig. 3(b)).

Figure 4 shows the variations of flow stress as a function of
strain rate obtained from a series of SRC tests at 350 °C. Strain
rate sensitivity, m, is defined by the following equation;

m= galogc?)
(dloge)

] Test temperature : 350°C
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Fig. 4. The variations in flow stress as a function of strain rate in three
different alloys at 350 °C.

where 6 and € represent flow stress and strain rate, respec-
tively, which values can be obtained from the results shown
in Fig. 4. The three alloys showed two distinct ranges exhib-
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iting low and high strain rate sensitivity. In the case of the
Mg-Sn alloy, the strain rate sensitivity, 7, in the lower strain
rate region up to 2 x 10~ s~ was estimated to be 0.3, while it
was estimated to be 0.2 in the higher strain rate region above
~2 x 107 s™'. Strain rate sensitivity of the Mg-Al alloy was
higher than that of the Mg-Sn alloy, i.e. 0.4 up to a strain rate
of 8 x 107*s™; it then decreased to ~ 0.2 with further increase
of strain rate. In particular, the range of the strain rate exhibit-
ing the higher strain rate sensitivity of ~0.4 in the Mg-Al
alloy was much smaller (up to 8 x 10~ s") than that for the
high strain rate sensitivity of ~ 0.3 in the Mg-Sn alloy (up to 2
x 107 s7"). The high strain rate sensitivity regime (~ 0.4) in
the Mg-Sn-Zn alloy was the largest among the three alloys
(up to 5 x 107 s"). The strain rate sensitivity in the low strain
rate regime increased from ~ 0.3 to ~ 0.4 as a result of the
addition of Zn.

4. DISCUSSION

Recently, the Mg-Sn alloy system has been shown to exhibit
high creep and corrosion resistance. In contrast this general
awareness for the Mg-Sn alloy, the present study shows that
Mg-Sn alloy rolled sheets exhibit high elongation to failure
at 350 °C. A key factor that can be considered as a reason for
such high ductility is the stable grain structure during defor-
mation. To identify a possible reason for such a stable micro-
structure after the high temperature tensile test, the
microstructure of annealed Mg-Sn alloy was examined by
TEM (Fig. 5(a)). As can be seen in the bright-field TEM
image, near- spherical-shaped particles, 100 nm to 600 nm in
diameter, were distributed throughout the a-Mg matrix not
only at the grain boundary but also inside the grains. The
particles were identified as the Mg,Sn phase, as can be seen
in the inserted selected area diffraction pattern (SADP) taken
from the particle marked with an arrow. The SADP was
identified as the [012] zone of the face-centered cubic struc-
ture of the Mg,Sn phase. It is clear that due to the grain
boundary pinning effect by the Mg,Sn particles the grain

size remained almost constant even after long term exposure
at high temperature.

Since the Mg-Sn system has high solubility of Sn at high
temperature, it consists of a high volume fraction of Mg,Sn
precipitates (~4.72 %), as shown in Fig. 5(b). These precipi-
tates play an important role in inhibiting grain growth during
deformation. Maximum grain size to inhibit grain growth by
the Mg,Sn precipitates can be simply estimated by the Zener
limiting grain size relationship between spherical particles
and grain boundary, shown below [20];

4_r
3f

where r is the particle radius and f'is the volume fraction of
particles. The average radius and volume fraction of Mg,Sn
precipitates were estimated to be ~ 250 nm and ~ 4.72 %,
respectively, as can be seen in Fig. 5(b). Using these values,
maximum grain size was calculated to be ~ 7.06 mm, indicat-
ing that the Mg,Sn phase certainly plays a role in retaining
the fine grain structure during hot deformation.

The experimental results indicate that the addition of Zn in
the Mg-Sn alloy leads to not only grain refinement but also
to a remarkable improvement of elongation to failure at ele-
vated temperature. Such a favorable microstructure for high
temperature deformation can also be percepted from the ini-
tial as-cast microstructure. Figure 6 shows optical micro-
graphs obtained from as-cast Mg-1.5 at.% Sn-0.1 at.% Zn,
Mg-1.5 at.% Sn-0.4 at.% Zn and Mg-1.5 at.% Sn-0.8 at.%
Zn alloys, revealing that dendrite arm spacing (left side) and
grain size (right side) become significantly finer with increas-
ing Zn content in the Mg-Sn alloy. While 0.1 at.% Zn alloy
shows relatively coarse grain size at a millimeter scale, 0.8
at.% Zn alloy consists of grains with a size of a few hundreds
of micrometers. Since the same casting process was applied,
nucleation rate can be considered to be similar. Therefore,
the grain size refinement that results from the addition of Zn
can be interpreted by considering the growth restricting fac-
tor (GRF) during solidification. During solidification of the

Dmax =

(b

Fig. 5. (a) Bright field TEM micrograph of Mg-Sn alloy tested at 350 °C at a strain rate of 1 x 10~ s™'. (b) Backscattered scanning electron micro-
graphs of same alloy.
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Fig. 6. Optical micrographs which show the effect of Zn on ac-cast microstructure of (a) Mg-1.5Sn-0.1Zn (at.%), (b) Mg-Sn-0.4Zn (at.%) and (c)

Mg-1.5Sn-0.8Zn (at.%), respectively.

Table 1. Grain restriction factor of Mg-Sn, Mg-Zn and Mg-Sn-Zn
alloys obtained from their thermodynamic data based on the
respective phase diagrams

Alloys (at.%) ki m Co miCo(ki—1)
Mg-1.5Sn 0.29 -6.21 1.5 6.61
Mg-0.8Zn 0.1 -7.88 0.8 5.67

Mg-1.5Sn-0.8Zn 12.29

alloys, the solute composition gradient ahead of the interface
introduces an additional change in the free energy, which
corresponds to compositional undercooling. The criterion for
compositional undercooling can be understood according to
the following equation:

_G_L S >m;Co(ki—1)
R~ kD,

From this equation, it can be deduced that the growth rate of
dendrites is inversely proportional to >m,Co(k;—1), where
m is the liquidus slope, C; the bulk alloy composition in lig-
uid and £; the partition coefficient between solid and liquid.
This term can be a measure of the growth restricting factor
(GRF) by solute elements on the growth of the solid-liquid
interface [21-23]. Table 1 reveals the calculated GRF values
for Mg-Sn, Mg-Zn and Mg-Sn-Zn alloys using thermody-
namic data based on the respective phase diagrams. It can be
seen that the addition of Zn in the Mg-Sn alloy leads to a rise
in the GRF value from 6.61 to 12.29, implying that Zn is a very
effective dendrite refiner that can restrict dendrite growth dur-
ing solidification. Therefore, the addition of Zn in the Mg-Sn
system leads to an initial fine microstructure, resulting in sig-
nificantly improved high temperature formability.

5. CONCLUSIONS

In the present study, we have investigated the high temper-
ature deformation behavior of Mg-Sn(-Zn) based alloy sys-
tems in comparison with those using Mg-Al alloy. The Mg-
Sn alloy shows high ductility: for example, 184 % at 350 °C

under a strain rate of 1 x 10~ s™'. It is interesting that the Mg-
Sn alloy shows high formability, even though we know that
it has a high temperature creep resistance. The key factor
that can be considered as responsible for this high ductility is
stable grain structure during deformation. From the TEM
analysis, it is clear that due to the grain boundary pinning
effect by the Mg,Sn particles the grain size remains almost
constant even after long term exposure at high temperature.
When Zn is added in the Mg-Sn alloy, the elongation to fail-
ure remarkably increases from 184 % (binary Mg-Sn alloy)
to 310 %, under a strain rate of 1 x 10~ s™'. Such an improve-
ment in ductility is due to the significantly refined grain
structure that results from the addition of Zn. The addition of
Zn leads to a fine dendrite structure in the Mg-Sn alloy dur-
ing solidification. Thus, Zn is a very effective dendrite refiner
that can restrict dendrite growth in the Mg-Sn alloy system.
Therefore, the addition of Zn in the Mg-Sn system leads to
an initial fine microstructure, resulting in significantly improved
high temperature formability.
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