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Abstract

The effect of aging heat treatment on microstructure,
hardness, and superelasticity at room temperature was
investigated herein for Mg-18.8 at.% Sc alloy. The
hardness of the alloy is increased via aging heat treatment
at temperatures between 423 and 523 K, from ~ 90 Hv
(as-quenched condition) to a maximum of 180 Hv. Aging
heat treatment at a higher temperature reduces the
incubation time before the onset of age hardening.
Scanning electron microscopy observations and X-ray
diffraction analysis showed that the precipitation of
hexagonal close-packed (o) phases within the
body-centered cubic () matrix phase causes age harden-
ing and the hardness value almost depends linearly on the
volume fraction of o precipitates. Furthermore, the o
precipitates formed via aging heat treatment can be
deformed along with B matrix phase upon stress-induced
martensitic transformation in a sample with ~ 10%
volume fraction of o precipitates, resulting in a slight
reduction in stress hysteresis and a minor increase in
superelastic recovery compared with the as-quenched
condition.
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Introduction

Shape memory alloys (SMAs) have attracted attention in
several fields owing to their unique properties, such as large
recoverable strain and flexibility. The large recoverable
strain in SMAs can be obtained upon heating them after
unloading (shape memory effect) and/or simply upon
unloading (superelasticity) due to reversible martensitic
transformation; the strain value generally reaches several
percent [1, 2]. Since the discovery of Au—Cd alloy [3],
various SMAs have been discovered and developed, e.g., Cu
—[4-6], NiTi—[1, 2, 7], Fe—[8-10], and Ti-based alloys
[7, 11, 12]; however, Mg-based SMA was not discovered
until we first reported the superelasticity of a Mg—Sc alloy
[13].

According to reported phase diagrams, the Mg—Sc alloy
is the only Mg-based binary alloy whose microstructure can
be controlled, depending on heat treatment conditions,
between a low-temperature hexagonal close—packed (or)
phase and a high-temperature body centered cubic () phase
at the same Sc content [14, 15]. The unique characteristic of
this alloy appears to enable it to show thermoelastic
martensitic transformation between [ and o” phases
(orthorhombic structure), and we have demonstrated that a
Mg-20.5 at.% Sc alloy with B single-phase exhibits su-
perelasticity at 123 K owing to stress-induced martensitic
transformation [13]. The working temperature range in
which superelasticity occurs depends on the Sc content, and
we recently discovered that the Sc content of ~ 19 at.% is
suitable for room temperature superelasticity [16, 17].
Because the density of the superelastic Mg-Sc alloy
is ~ 2 g/lem®, which is approximately one-third of
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conventional NiTi-based superelastic alloys, the alloy may
attract attention in automobile and aerospace field from the
perspective of fuel efficiency. With its low Young’s modulus
and high biocompatibility [18, 19], the Mg—Sc superelastic
alloy can be applied in medical field as bone plates, stents,
etc. Recently, Li et al. implanted a Mg-30 wt.% Sc alloy
(equivalent to 18.8 at.% Sc) into rats and showed that the
alloy exhibits acceptable biocompatibility and biodegrad-
ability [20].

Although the Mg—Sc superelastic alloy exhibits the
abovementioned unique properties, it still faces some chal-
lenges that need to be addressed. The most critical of which
is its low strength and eventual low superelastic recovery at
room temperature [16, 17]. Although the recovery can be
considerably increased by coarsening the grain size, similar
to the case of Cu- and Fe-based shape memory alloy [5, 6,
10], maximum superelastic recovery obtained in Mg—Sc
alloy at room temperature was only 3% [16] because slip
deformation can occur easily at the same time with
stress-induced martensitic transformation. From this per-
spective, an increase in strength of the P matrix phase is
strongly desired to further improve superelasticity.

Herein, we focused on aging heat treatment because age
hardening is a well-known strengthening mechanism in
various alloys, including Mg-based alloys. The effect of age
hardening on superelasticity is also reported in SMAs, such
as NiTi—[2, 7], Fe—[8, 9, 21, 22], Ti—[7, 11, 12], and
Cu-based alloys [23, 24], where the effect can be either
positive or negative depending on the amount and/or size of
the aging products. For example, it is reported that nanosized
precipitation due to aging heat treatment effectively
strengthens the matrix phase of the Fe—Mn—Al-Ni SMA
and realizes superior superelasticity, whereas an excess
increase in size of the precipitates deteriorates the supere-
lasticity of the alloy [9, 21, 22].

In the Mg—Sc alloy, aging heat treatment is also effective
in increasing the hardness and tensile strength owing to the
precipitation of the o phase within the B phase [25-27].
However, the Sc content of the measured samples was either
16.8 at.% or > 20 at.% and the effect of aging on supere-
lasticity was not investigated. In this study, we investigated
the effect of age hardening on the superelasticity of the Mg
—Sc alloy at room temperature.

Procedures

A Mg-Sc ingot with the nominal composition of Mg-18.8 at.
% Sc was prepared by OSTECH Co. Ltd. and Hunan Ori-
ental Scandium Co. Ltd. A block was cut from the ingot and
hot rolled at 923 K. The resulting sheet was homogenized at
873 K for 24 h before being cold rolled with intermediate
annealing at 873 K for 15 min until its thickness
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reached ~ 1.3 mm. For each measurement, a specific size
of sample was cut from the cold rolled sheet; subsequently,
the sample was heat treated and then aged as mentioned
below.

The changes in hardness and microstructure were mea-
sured using samples with the size of ~ 5 x 5 mm? The
samples were solution heat treated at 963 K for 30 min,
followed by quenching into iced water to obtain [
single-phase, and finally aged at 423, 448, 473, or 523 K for
different durations. Hardness was measured using a Vickers
hardness tester with an applied load of ~ 10 N. The hard-
ness of a sample was calculated from the average of 10
points. The microstructure was observed using a scanning
electron microscope (SEM) with an accelerated voltage and
probe current of 15 kV and 10 pA, respectively. The
observed samples were polished using SiC papers and dia-
mond pastes of different grit sizes (3, 1, 0.25 pm) and
chemically etched in acid solution for 5s to obtain a
mirror-like surface. X-ray diffraction (XRD) analysis was
performed to investigate the constituent phases in measured
samples.

Samples with a length and width of approximately 40 and
5 mm were prepared to evaluate superelasticity at room
temperature. Cyclic heat treatment (CHT) was applied to the
samples to obtain the grain size of ~ 1 mm because a small
grain size of about several hundred micrometers consider-
ably deteriorates superelasticity [16, 17] and therefore makes
it difficult to determine the effect of aging on superelasticity.
Specifically, the samples were solution heat treated at 963 K
for 30 min, followed by air cooling to room temperature. In
the following cycle, they were again solution heat treated at
963 K for 30 min, followed by quenching into iced water to
obtain P single-phase. This type of abnormal grain growth
(AGG) was first observed by Omori et al. in the Cu-based
SMA [28], where subgrains seemed to be formed by the
precipitation and dissolution of the second phase via CHT,
and eventually, the subgrain boundary energy acted as an
additional driving force for grain growth, resulting in AGG
[28, 29]. The second phase is the a phase in the case of the
Mg-Sc alloy [16], and the obtained average grain size
was ~ 980 um in the current study. The detailed mecha-
nism underlying the AGG is under investigation and will be
reported in the future study. The sample that underwent CHT
was finally aged at 423 K for 4 ks, and a cyclic tensile test
was conducted at room temperature to evaluate the supere-
lasticity of the alloy. The tested sample was loaded to i%
strain and then unloaded to zero stress at the ith cycle (i = 1,
2, 3, etc.). The test was repeated until fracture. The strain rate
was set to 107> s~ ', and sample thickness and gauge length
were approximately 0.5 and 15 mm, respectively. A sample
that underwent CHT without aging heat treatment
(as-quenched sample, hereafter) was also tested at room
temperature.
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Results and Discussion

Figure 1 shows the plots of Vickers hardness versus aging
time at different temperatures, where the hardness of the
as-quenched sample was ~ 90Hv (shown with a gray sha-
ded line). At each aging temperature, the hardness increases
considerably with aging heat treatment and exhibits a sig-
moidal change against aging time. Incubation time before
the onset of hardening becomes longer with decreasing ag-
ing temperature. By contrast, the maximum hardness values
of ~ 180 Hv are almost identical within the range of
measured aging time.

A microstructural change observed using an SEM is
shown in Fig. 2. The as-quenched sample has a
single-phase with a small amount of o phase at the grain
boundaries of the B phase (Fig. 2a). These o phases at grain
boundaries should be formed during quenching and were
also reported in previous studies [13, 15]. Inclusions shown
in white in the figure were measured using SEM-EDX
(energy dispersive X-ray spectroscopy) and were found to be
Sc,05 that could be formed during the melting process.
These inclusions are also seen in all the aged samples;
therefore, we believe they do not affect the age hardening
behavior. Figure 2b presents the microstructure after aging
at 423 K for 4 ks, showing the presence of needle-like
precipitates within the B matrix phase. These precipitates
grow along their longitudinal direction with aging time, and
the volume fraction increases, as shown in Fig. 2c and 2d.
The same microstructural changes were also seen in the
samples aged at 448, 473, and 523 K.

XRD analysis was performed on the samples aged at
423 K to confirm the phase of the precipitates, and the
results are shown in Fig. 3. In the XRD pattern, reflection
peaks appear at ~ 36.5° after aging for 4 ks, and the peak
intensity increases while that of [ phase decreases with
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Fig. 1 Vickers hardness as a function of aging time at different
temperatures
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aging time, indicating that aging products shown in Fig. 2b—
d are o phases. Hardness is also plotted in Fig. 4 as a
function of the volume fraction of the o phase. The volume
fraction was measured using the ImageJ software using the
SEM images of the sample aged under different conditions.
It is clear from Fig. 4 that the change in hardness due to
aging heat treatment is related to the change in the volume
fraction of o phase, and an increase in volume fraction of the
o phase leads to age hardening in the studied alloy. The
same results have been reported in our previous works,
where Vickers hardness increases with the volume fraction
of needle-like o precipitates due to aging [25-27].

Arrhenius plots are presented in Fig. 5 to investigate the
kinetics of age hardening behavior, where 7. denotes the
incubation time, as defined in the inset of the figure, and
T represents the aging temperature. According to the
Arrhenius equation,

1 0
In (g) = — ﬁ + C7

activation energy Q is equivalent to the slope of the
Arrhenius plots, where R and C denote the gas constant and
a constant value, respectively. The Q value is calculated
as ~ 83.9 kJ/mol and is almost the same as the reported one
(~ 83.5 kJ/mol) in a previous report which suggests the
precipitation of the o phase is dominated by interface
diffusion in the present Mg-Sc alloy [27]. Meanwhile,
interface diffusion is also dominant in the precipitation of
bainite plates in the case of the Cu-based alloy that shows
age hardening owing to bainitic precipitation [30].
Furthermore, notably, if the volume fraction is below 30%,
the bainite plates can be deformed together with the matrix
phase upon stress-induced martensitic transformation and
hence do not deteriorate the superelastic recovery at all
despite a slight increase in the hardness of the alloy owing to
bainite plates [23]. From this perspective, it is expected that
o precipitates could also be deformed in the present Mg—Sc
alloy upon stress-induced martensitic transformation and, in
turn, could improve the superelasticity of the alloy at room
temperature if the volume fraction of o precipitates is in a
proper range.

To investigate the effect of o precipitates on the supere-
lasticity of the alloy, we conducted cyclic tensile tests at
room temperature. The grain size of the tested sample was
increased to ~ 980 um using AGG induced via CHT, as
mentioned in Section Procedures. The aging condition was
set to 423 K x 4 ks, where the volume fraction of o pre-
cipitates was ~ 10%. Notably, the aged samples with
higher volume fraction, i.e., the ones aged at 423 K for 10
and 50 ks, were too fragile to undergo cyclic tensile tests.
Figure 6a shows the cyclic stress—strain curves obtained
using the as-quenched and aged samples. Both samples
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Fig. 2 Secondary electron

(SE) images of the samples;

a as-quenched, b after 423 K x 4
ks, ¢ after 423 K x 10 ks, and
d after 423 K x 50 ks
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Fig. 3 X-ray diffraction patters obtained from the as-quenched and
aged samples
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Fig. 5 Arrhenius plots of In (1/z.) versus 1/T.t. denotes the incubation
time as defined in the inset of the figure and T represents the aging
temperature

show clear stress hysteresis during loading and unloading
and exhibit superelasticity at room temperature. To compare
these two samples quantitatively, superelastic strain (ek)
and applied strain (¢) at the ith cycle were defined as shown
in Fig. 6a. Stress hysteresis (aflys) was also defined as the
difference between stresses during loading and unloading at
i/2% strain (Fig. 6a). The plots of & and o-flys as the func-
tions of & are presented in Fig. 6b and c, respectively,
showing that the maximum superelastic recovery in the aged
sample (~ 1.1%) is higher than that in the as-quenched
sample (~ 0.8%), whereas aflys is slightly decreased in the
aged sample. To investigate the possible causes of the dif-
ferences, SEM observation was performed on the surface of
the aged sample after a fracture. Figure 7a and b presents the
obtained microstructures, showing that martensite plates
have been formed across o precipitates all over the observed
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Fig. 6 a Comparison of cyclic stress—strain curves at room temper-
ature between as-quenched and aged samples at 423 K for 4 ks.
Superelastic strain (ng), elastic strain (eé) applied strain (sé), and stress

area and the precipitates seem to be deformed along with the
B matrix phase upon stress-induced martensitic transforma-
tion, as in the case of the foregoing Cu-based superelastic
alloy [23, 30]. It is therefore suggested that o precipitates
that had been deformed along with  matrix phase cause
back stress to assist the reverse transformation of the
stress-induced martensite phases. The back stress and a
slight increase in hardness might result in decreased stress
hysteresis and slightly larger superelastic recovery.

Conclusions

The effect of aging heat treatment on the hardness,
microstructure, and superelasticity of the Mg-18.8 at.% Sc
alloy at room temperature was investigated herein, and the
following conclusions were drawn:

(1) Aging heat treatment at temperatures between 423 and
523 K effectively increased the Vickers hardness of the
alloy from ~ 90 Hv (as-quenched condition) to the
maximum value of 180 Hv.

hysteresis (aﬁys) at ith cycle are also defined in the figure. b &g, and
c aflys of the samples as the function of &

(2) SEM observations and XRD analysis revealed that the
precipitation of the o phases within the B matrix phase
caused age hardening and the hardness value after aging
almost linearly depended on the volume fraction of the
o phase regardless of the aging condition.

The cyclic tensile test of the sample that had been aged
at 423 K for 4 ks revealed that it was possible for the o
precipitates with a volume fraction of ~ 10% to be
deformed along with the B matrix phase of the alloy
upon stress-induced martensitic transformation, which
in turn caused back stress during reverse transforma-
tion. The back stress and a slight increase in hardness of
the aged sample might result in slightly smaller stress
hysteresis and minor improvement in superelastic
recovery at room temperature compared with those of
the as-quenched sample.
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Fig.
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7 Secondary electron (SE) images of the aged samples at 423 K

for 4 ks after fracture: a low and b high magnification images
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