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Abstract
We revisit the martensite aging eﬀect in Au–Cd alloys, by studying the evolution of dynamic properties (i.e. storage modulus and
internal friction) with aging time. We found that the storage modulus shows a gradual increase while the internal friction shows a gradual
decrease with increasing aging time. Moreover, the evolution of dynamic properties with aging time obeys a simple relaxation function
with activation energy of 0.46 eV in AuCd49.5 alloy. The dependence of such evolution on temperature, defect concentration, frequency
and displacement amplitude was also well characterized. All the observed characteristics are understood by the gradual stabilization of
martensite phase during aging, driven by a symmetry-conforming short-range ordering tendency of point defects. Furthermore, we proposed a homogenous Landau-type model to describe the response of storage modulus during aging by introducing a time-dependent
variable coupled with the order parameter. Such systematic investigation on the dynamic properties during martensite aging is crucial
for applications under mechanical vibrations.
Ó 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Shape memory alloys (SMAs) are of considerable interest for their technological applications, ranging from
actuators to sensors [1]. With decreasing temperature, they
undergo a symmetry-lowering transformation from the
high-symmetry parent phase to the low-symmetry martensite phase [2]. However, in the martensite phase, a majority
of SMAs, such as Au–Cd [3,4], Au–Cu–Zn [5], Cu–Zn–Al
[6,7], Cu–Al–Ni [8], Ti–Ni–Hf [9] and Ni–Mn–Ga [10],
exhibit martensite aging eﬀects, i.e. a gradual change of
physical properties with aging time. As the martensite
aging eﬀects, in general, are undesirable for applications
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of shape memory alloys [1,11], the problem has attracted
much attention, not only in probing its time-dependent
characteristics but also in pursuing its physical origin.
The martensite aging eﬀects on the static properties of
SMAs have been studied to a great degree in past decades,
particularly the after-eﬀect of martensite aging, i.e. the
change of static properties after martensite aging. On the
one hand, quite rich experimental phenomena were
revealed by past studies. The most striking martensite
aging eﬀects involve two aspects. One is the rubber-like
behavior (RLB), that is, the martensitic alloy after being
aged for some time in the martensite phase exhibits recoverable or pseudo-elastic deformation behavior [3,5,8,12].
The other is the martensite stabilization eﬀect, i.e. the
martensite phase becomes more stable after aging, which
is manifested by the fact that the ﬁnishing temperature of
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reverse martensitic transformation (Af) increases with
increasing aging time [6,9–10]. Up to now, the martensite
aging eﬀects on those static properties and how they evolve
with aging time have already been experimentally well
established [3–10,12–14].
On the other hand, many researchers contributed to the
understanding of the origin of the above martensite aging
phenomena and several models were proposed, for example
the pseudo-twin-type model [15], the long-range ordering
model [6], short-range ordering model [7,16], the dislocation model [17], and the domain boundary pinning model
[18]. However, these models failed to meet generality criteria, although they were able to explain the martensite aging
phenomena to some extent (see Refs. [13,19] for a detailed
and critical review for these models of aging). Ren and
Otsuka proposed the symmetry-conforming short-range
order (SC-SRO) principle, which appears to be able to
explain available experimental observations qualitatively
and is indirectly evidenced by transmission electron microscopy (TEM) observation and the small change in the symmetry of X-ray diﬀraction (XRD) proﬁle [12–14]. The main
idea of the SC-SRO principle is that the short-range order
symmetry of point defects follows the crystal symmetry
when in equilibrium [12–14,20]. During martensite aging,
the short-range order of point defects with cubic symmetry
gradually conforms to the crystal symmetry of martensite
phase by reconﬁguration of vacancies/anti-site defects
[12–14,20]. Several researchers [21–23] have also formulated phenomenological theories to model the RLB and
the martensite stabilization, by considering the contribution of SC-SRO tendency of point defects to the
Landau–Ginzburg free energy. Recent Monte Carlo and
molecular dynamics simulations have also probed the
change of short-range order parameters during martensite
aging process at atomic level [24].
Despite these extensive studies of martensite aging
eﬀects on the static properties, the SMA-based devices
are inevitably under certain dynamic load in applications
[1,25–28], during which martensite aging could take place
as well. Thus, study of martensite aging eﬀects on the corresponding dynamic properties is crucial to applications
under mechanical vibrations. Diﬀerent from studies on
the static properties, it mainly refers to probing the
in situ change of dynamic properties during the aging process. Researchers have seldom considered such aging
aspects, although Nakanishi et al. showed the change of
internal friction of AuCd47.5 alloy with aging time, which
was measured by the composite piezoelectric oscillator
method with a frequency of 70 kHz; Murakami et al.
brieﬂy showed the change of internal friction and dynamic
Young’s modulus of AuCd49.5 alloy during martensite
aging, which was done by the free decay method by using
the thin-foiled specimen [18,29]. Nevertheless, systematic
investigation of this important issue has not been carried
out until now. Furthermore, phenomenological modeling
on the change of dynamic properties during martensite
aging process also remains covered. Thus, one target of

our present work is to probe the in situ change of dynamic
properties (storage modulus and internal friction) during
martensite aging by dynamic mechanical experiment. The
other target is to establish a corresponding phenomenological model for the experimental results. As the internal
friction is rather complex, only modeling on the change
of storage modulus with aging time has been considered
here.
Therefore, in this study, on one hand, we performed systematic experiments on Au–Cd shape memory alloys to
study how the dynamic properties, i.e. storage modulus
and internal friction, evolve with aging time. It is found
that martensite aging results in a gradual increase of storage modulus and a gradual decrease of internal friction.
The inﬂuences of temperature, defect concentration, frequency, and displacement amplitude on the change of
dynamic properties were also systematically characterized.
We suggest that the evolution of dynamic properties can be
ascribed to the gradual stabilization of martensite phase
during aging, driven by a symmetry-conforming shortrange ordering tendency of point defects. On the other
hand, by introducing a time-dependent variable coupled
with the order parameter, a homogenous Landau-type
model was proposed to simply describe how the free energy
landscape varies with martensite aging. As the second
derivative of free energy is the storage modulus, we can
obtain the evolution of storage modulus with aging time
consequently, which shows good agreement with our
experimental observations.
2. Experimental procedures
In the present study, the Au–Cd alloys (AuCd49.5 and
AuCd50.0) were employed. Base ingots were made by melting 99.99% pure Au and 99.99% pure Cd in a sealed quartz
tube with Ar gas at 1273 K. The ingots were again melted
at 1003 K under the same condition for shaping. The
weight of alloys was measured before and after the melting
to conﬁrm that the weight loss is negligible. After homogenization at 803 K for 24 h in Ar atmosphere, specimens
were spark-cut into proper sizes for each measurement.
They were solution-treated at 803 K for 1 h in Ar atmosphere followed by furnace-cooling or quenching into
ice-water. Diﬀerential scanning calorimetry (DSC)
measurement is done to characterize the martensitic transformation temperature of Au–Cd alloys, with a cooling
and heating rate of 5 K min1.
The martensite aging eﬀects on the dynamic properties
(storage modulus and internal friction (tan d)) were
measured by dynamical mechanical analysis (DMA) measurement in a single cantilever mode. During DMA
measurement, the specimen was cooled to the aging temperature with cooling rate of 2 K min1 and then aged at this
temperature. When the temperature of the specimen is stable, the dynamic properties as a function of aging time were
recorded. In order to erase the inﬂuence of martensite aging
eﬀect at one testing temperature on the results of the next
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testing temperature, we heated the specimen to high temperature, 423 K (far above Af temperature) and maintained it
for 30 min to erase the martensite aging eﬀect for each testing run. Furnace-cooled AuCd49.5 alloy was aged at diﬀerent
temperatures (258, 263, 268, 273, 278, 283, 288, 293, 298 K),
diﬀerent displacement amplitudes (5, 10, 15, 20, 30 lm, the
corresponding strain amplitudes are 0.57, 1.13, 1.70, 2.26,
3.6  103) diﬀerent frequencies (0.2, 0.4, 1, 4, 10, 20 Hz)
to investigate the temperature, displacement amplitude
and frequency dependence of dynamic properties during
aging. Besides furnace-cooled AuCd49.5 alloy, furnacecooled and water-quenched AuCd50.0 alloys were also aged
at the above diﬀerent temperatures to study the defect concentration dependence of the evolution of dynamic properties during aging.
3. Experimental results
3.1. Martensitic transformation behavior characterized by
the dynamic mechanical properties for furnace-cooled
AuCd49.5 alloy
As is known, the furnace-cooled AuCd49.5 alloy undergoes a b2 (B2) to f02 (trigonal) martensitic transformation.
Fig. 1a and b shows the storage modulus and internal friction vs. temperature curves upon cooling and heating
under various frequencies for this specimen. It can be seen
that the b2 to f02 martensitic transformation is characterized
by a frequency-independent sharp storage modulus dip and
a sharp internal friction peak, which result from the elastic
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softening and the hysteretic movement of both parent–
martensite phase boundaries and twin boundaries under
the ac external stress ﬁeld during DMA measurement,
respectively. The martensitic transformation temperature
(Ms) is about 303 K, which shows agreement with the
DSC result (Fig. 1c). Then the martensite aging experiments were done at temperatures at least 5 K below the
Ms, as described in Section 2.
3.2. Evolution of storage modulus and internal friction as a
function of aging time for furnace-cooled AuCd49.5 alloy
In the following, we will show how the dynamic properties evolve during martensite aging for the furnace-cooled
AuCd49.5 specimen. Fig. 2 shows storage modulus
(Fig. 2a) and internal friction (Fig. 2b) when the specimen
was cooled to 258 K, 268 K, 278 K, 288 K and then held
(aged) at these temperatures for 6 h respectively. It is clear
that the storage modulus and internal friction indeed vary
during martensitic aging. For example, when aged at
288 K, the storage modulus exhibits a gradual increase
with aging time (inset of Fig. 2a); in the meantime, the
internal friction shows a gradual decrease with time (inset
of Fig. 2b). Such behavior is consistent with Murakami
et al.’s results [29] of the trigonal martensite in AuCd49.5
alloy and also similar with Nakanishi et al.’s results [18]
of the orthorhombic martensite in AuCd47.5 alloy. Thus,
despite martensite phase with diﬀerent crystal structure,
the change of dynamic properties during martensite aging
seems to follow the similar tendency.
Furthermore, we ﬁnd that the data can be well ﬁtted by
a stretched exponential function, which is usually employed
for describing a relaxation process [30–32]:
(
"   #)
b
t
E0 ðf ; tÞ ¼ E0 ðf ; 1Þ  DE0 ðf ; tÞ exp 
ð1Þ
s0
where E0 (f, 1) is the equilibrium value of storage
modulus when the aging time is inﬁnite, DE0 (f, t)
(=E0 (f, 1)  E0 (f, 0)) is the absolute change of the storage
modulus E0 during aging, b is the stretching exponent, and
s is the relaxation time of the aging process. The stretching
exponent was ﬁxed at b = 0.75, as all of the results at diﬀerent
temperature/frequency/amplitude could show best ﬁts of
Eq. (1) with b = 0.75.
In the following three parts, we will utilize this stretched
exponential function to study the temperature dependence,
displacement amplitude dependence, and frequency dependence of martensite aging eﬀects on the dynamic properties
in a quantitative way. For good comparison, all data are
normalized by the initial values E0 (f, 0). Thus the stretched
exponential function reads\,
E0 ðf ; tÞ=E0 ðf ; 0Þ ¼ fE0 ðf ; 1Þ

Fig. 1. Martensitic transformation in furnace-cooled AuCd49.5 alloy
characterized by (a) storage modulus, (b) internal friction by dynamic
mechanical analysis (DMA) measurement, and (c) heat ﬂow by diﬀerential
scanning calorimetry (DSC) measurement.
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Fig. 2. Storage modulus (a) and internal friction (b) when the furnace-cooled AuCd49.5 alloy is cooled down to 288, 278, 268 and 258 K and aged at these
temperatures. The inset of (a and b) shows one example showing the evolution of storage modulus and internal friction at 288 K as a function of aging
time, respectively.

Fig. 3. Dots: evolution of storage modulus (a) and internal friction (b) of
the furnace-cooled AuCd49.5 alloy at diﬀerent temperatures from 258 to
298 K; solid line: corresponding ﬁtting curves by the stretched function,
   
b
E0 ðf ; 0Þ.
E0 ðf ; tÞ=E0 ðf ; 0Þ ¼ E0 ðf ; 1Þ  DE0 ðf ; tÞ exp  st0

3.2.1. Temperature dependence
Fig. 3 shows the evolution of storage modulus and internal friction with aging time at diﬀerent aging temperatures
from 258 to 298 K, respectively. It is clear that the martensite aging eﬀects are qualitatively similar for diﬀerent aging
temperatures, i.e. the storage modulus gradually increases
with increasing aging time and approaches saturation; the
internal friction gradually decreases with aging time and
reaches a nearly stable value after long-time aging. However, the change of storage modulus and internal friction
exhibit obvious diﬀerence for diﬀerent aging temperature
quantitatively. The change of both storage modulus and
internal friction increases with increasing aging temperature. For example, at the same aging time 1  104 s, the
change of storage modulus at 298, 293 and 288 K is indicated by points A, B and C, respectively, as shown in
Fig. 3a. In order to explore the microscopic process during
aging, we ﬁtted the storage modulus and internal friction
vs. aging time curves respectively, by using the above
stretched exponential equation (Eq. (2)), as indicated by
the solid line in Fig. 3a and b.
Since the obtained parameters after ﬁtting storage modulus and internal friction curves are almost the same, we
only show the ﬁtting results of storage modulus here due
to space limitation. It can be seen in Fig. 4a that the relaxation time s increases with decreasing aging temperature,
which suggests that the martensite aging process becomes
slower with decreasing aging temperature. Furthermore,
ln(s) vs. 1/T follows the Arrhenius plot and yields an activation energy of 0.46 ± 0.03 eV, which is close to the value
obtained through other measurements (0.44 eV) [4]. This
indicates that the martensite aging phenomenon is a simple
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Fig. 4. (a) Relaxation time obtained from ﬁttings in Fig. 3a as a function
of the corresponding aging temperature. The linear line is the ﬁtting by
Arrhenius relation and the obtained activation energy for the aging
process is about 0.46 ± 0.03 eV. (b) The storage modulus at inﬁnite aging
time at diﬀerent aging temperatures got from the ﬁttings in Fig. 3a.

relaxation process. Fig. 4b shows the normalized storage
modulus when the aging time is inﬁnite (DE0 (f, 1)/
E0 (f, 0)), and it is clear that it increases with increasing
aging temperature.
3.2.2. Displacement amplitude dependence
Here we show only the results for aging at 288 K, since
the displacement amplitude dependence is similar for other
aging temperatures. The change of storage modulus as a
function of aging time for diﬀerent displacement amplitude
is compared in Fig. 5a. For diﬀerent displacement amplitudes, the storage modulus shows a similar tendency, i.e.
it increases with aging time, but the change value of storage
modulus shows clear diﬀerence for diﬀerent displacement
amplitudes. As shown in Fig. 5a, at the same aging time
2  104 s, the change of storage modulus at 5 lm, 10 lm
and 15 lm is indicated by points A, B and C respectively,
and we can see that it increases with increasing amplitude.
These DE0 (f, t)/E0 (f, 0) vs. aging time curves can also be
well ﬁtted by Eq. (2). After ﬁtting, the obtained relaxation
time s increases with increasing displacement amplitude, as
shown in Fig. 5b. In addition, the normalized storage mod-
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Fig. 5. (a) Dots: evolution of storage modulus when aging at 288 K at
diﬀerent displacement amplitudes during DMA measurement; solid line:
corresponding ﬁtting curves by stretched function. (b) The relaxation time
at diﬀerent displacement amplitudes obtained by ﬁttings in (a). (c) Storage
modulus at inﬁnite aging time at diﬀerent displacement amplitudes
obtained by ﬁttings in (a).

ulus at inﬁnite aging time (DE0 (f, 1)/E0 (f, 0)) also increases
with increasing displacement amplitude, shown in Fig. 5c.
3.2.3. Frequency dependence
Here we show the frequency dependence of martensite
aging eﬀects on the dynamic properties. Only the results
for aging at 288 K are presented here in Fig. 6a, as the
results at other aging temperatures show the similar behavior. It shows that the storage modulus increases with aging
time for all the measured frequencies. At short aging time,
it seems that the change of storage modulus shows much
weaker frequency dependence, compared with its dependence on both temperature and displacement amplitude.
At long aging time, the frequency dependence becomes
stronger, as indicated by the enlarged part in the inset of
Fig. 6a. All these DE0 (f, t)/E0 (f, 0) vs. aging time curves also
can be well ﬁtted by Eq. (2). The obtained relaxation time
is shown in Fig. 6b and it is clear that the relaxation time
decreases with increasing frequency. The obtained change
of storage modulus at inﬁnite aging time is shown in
Fig. 6c, and it increases with increasing frequency, but
the diﬀerence between them at diﬀerent frequencies is very
small, for example, the maximum diﬀerence between 0.2
and 20 Hz is 2.5%. This could be ascribed to the small frequency range during our measurement, which is limited to
low-frequency range.
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Fig. 6. (a) Dots: evolution of storage modulus when aging at 288 K at
diﬀerent frequencies during DMA measurement; solid line: corresponding
ﬁtting curves by stretched function. (b) The relaxation time at diﬀerent
frequencies obtained by ﬁttings in (a). (c) Storage modulus at inﬁnite aging
time at diﬀerent frequencies obtained by ﬁttings in (a).

3.2.4. Heat treatment and defect concentration dependence
The martensite aging eﬀects on the dynamic properties
were also investigated for both water-quenched and furnace-cooled stoichiometric AuCd50.0 alloys, shown in
Fig. 7a1 and a2 and Fig. 7b1 and b2. The martensitic transformation temperatures for these two alloys are 299 K and
300 K respectively by DMA measurement. It is obvious
that the evolution of dynamic properties during aging show
the similar tendency as that of furnace-cooled AuCd49.5
alloy. The storage modulus gradually increases with aging
time while the internal friction decreases with aging time.
All the DE0 (f, t)/E0 (f, 0) vs. aging time curves can be well ﬁtted by Eq. (2), as indicated by the solid line in Fig. 7.
In order to compare these three alloys more clearly, we
directly put their storage modulus and internal friction vs.
aging time curves when aged at the same temperature
(293 K) together in Fig. 8a and b, respectively. As can be
seen, the change of both storage modulus and internal friction of furnace-cooled AuCd49.5 alloy is the most pronounced among these three alloys, the water-quenched
AuCd50.0 alloy is less pronounced and the furnace-cooled
AuCd50.0 alloy is the weakest. Fig. 8c shows the Arrhenius
relation between relaxation time and aging temperature for
these three alloys. The slope represents the activation
energy for the aging process in each alloy. The activation
energy of water-quenched AuCd50.0 alloy is about
0.84 eV, which is the largest among three alloys; and that

for furnace-cooled AuCd50.0 and furnace-cooled AuCd49.5
alloys are 0.49 and 0.46 eV respectively, which are very
similar. Such contrasting results seem to suggest that the
martensite aging eﬀect on dynamic properties is largely
aﬀected by both the type and concentration of point defects
in martensitic alloys.
We ﬁrst compare the furnace-cooled and waterquenched AuCd50.0 alloys. As the order–disorder or
order–order transition does not occur until right below
the melting point for a near-stoichiometric Au–Cd alloy,
the vacancy concentration is considered to be the main factor that is sensitive to the heat treatment. As both of them
are stoichiometric alloys, there exist few anti-site point
defects. Thus vacancies mainly contribute to the aging
eﬀect in the two kinds of AuCd50.0 alloys. However, the
vacancy concentration in the water-quenched AuCd50.0
alloy is much higher than that in the furnace-cooled
AuCd50.0 alloy, so the stronger martensite aging eﬀects in
the former one is considered to originate from its higher
vacancy concentration. There is a deviation of activation
energies for furnace-cooled and water-quenched AuCd50.0
alloys. This result is thought to originate from the quenching-induced variables such as vacancy multiplets and
changes in order, which complicate the diﬀusion process of
the water-quenched AuCd50.0 alloy [33]. For the furnacecooled AuCd49.5 alloy, there are two types of structural
defects (anti-site defects and vacancies) and the concentration is highest due to its oﬀ-stoichiometry, which could be
responsible for the most pronounced martensite aging
eﬀects. The above comparison indicates that there indeed
exists a close relationship between the change of dynamic
properties during aging and the defect concentration. This
is similar to the defect concentration dependence of the
change of static properties (e.g. critical stress for rearrangement of martensite variants) after martensite aging [4].
In summary, we systematically investigated the in situ
evolution of dynamic properties (storage modulus and
internal friction) during martensite aging. Our results show
that the storage modulus gradually increases with aging
time, while the internal friction gradually decreases with
aging time. Moreover, we showed that such evolution is
strongly dependent on the point defect concentration of
the martensitic alloy and the aging temperature, displacement amplitude and frequency, during dynamic loading.
4. Discussions
4.1. Understanding of the evolution of dynamic properties
during martensite aging
4.1.1. Gradual martensite stabilization during aging
The above detailed studies describe how the dynamic
properties evolve during martensite aging under ac stress
ﬁeld. Now the central question is how to understand such
phenomena. As mentioned in the Introduction, the martensite aging eﬀects on the static properties can be understood by the SC-SRO principle [12–14,20]; here it is
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Fig. 7. Dots: evolution of storage modulus (a1 and a2) and internal friction (b1 and b2) of the water-quenched and furnace-cooled AuCd50.0 alloy at
diﬀerent temperatures from 258 to 298 K, respectively; solid line: corresponding ﬁtting curves by the stretched function.

natural to consider whether such dynamic properties
changes during aging can also be explained by the same
mechanism. Then, it is possible to unify the explanation
for martensite aging eﬀects on both static and dynamic
properties. In the following, we will show that the evolution of storage modulus and internal friction during aging
indeed can be understood based on the SC-SRO principle.
For simplicity, here we consider only two-dimensional
(2-D) structures, but the argument is applicable to any
three-dimensional (3-D) structures because only the symmetry is of relevance here. In order to illustrate easily, we
suppose the structure of produced martensite phase is of
tetragonal symmetry, although that of the Au–Cd alloys
in this study is trigonal. It is well known that martensitic
alloy undergoes a diﬀusionless symmetry-lowering trans-

formation. The high temperature parent phase is of high
symmetry (square lattice), the point defect symmetry is also
cubic according to the SC-SRO principle (Fig. 9a). On
cooling, the crystal symmetry changes to tetragonal
abruptly at Ms (Fig. 9b). During this diﬀusionless process,
the defect symmetry remains unchanged, because the
change of defect symmetry requires the reconﬁguration of
point defects through diﬀusion. Thus, the fresh martensite
of tetragonal crystal symmetry is embedded with point
defects with cubic symmetry (Fig. 9b). According to the
SC-SRO principle, this state is not stable and an equilibrium state is more favored, where the defect symmetry conforms to the tetragonal crystal symmetry. This gives rise to
the martensite aging. With increasing aging time, the defect
symmetry gradually follows the crystal symmetry through
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to a large-scale domain switching under external stress
ﬁeld, while the dynamic properties like the storage modulus
or internal friction correspond to the intrinsic martensite
phase deformation and twin boundaries motion under a
small ac stress ﬁeld. Previous studies have proved that
the increase of critical stress after martensite aging is due
to martensite domain stabilization, which makes the
large-scale twin boundaries motion become more diﬃcult.
Similarly, the local twin boundaries motions are also
restricted because of the martensite stabilization during
aging, which gives rise to the increase of storage modulus
and decrease of internal friction.
The standard deﬁnition of storage modulus shows that it
is proportional to the small linear strain change caused by a
small stress ﬁeld. For multi-domain martensitic alloys, the
strain is composed of two parts. One is from the intrinsic
elastic deformation of martensite phase; the other is from
the twin boundaries motion under external stress. Therefore, the storage modulus can be described by the following
equation:
E0 ¼

Fig. 8. Comparison of evolution of storage modulus (a) and internal
friction (b) with aging time at 293 K, and the obtained relaxation time vs.
aging temperature (c) between furnace-cooled AuCd49.5 alloy, furnacecooled and water-quenched AuCd50.0 alloys.

the short-range migration of point defects and ﬁnally the
defect symmetry becomes tetragonal in its stable state
(Fig. 9c). Intuitively, we can consider this in the following
way: with martensite aging, an internal stress ﬁeld is gradually formed accompanying the gradual conforming of
defect symmetry to the crystal symmetry and it is just this
internal stress ﬁeld that makes the aged martensite phase
more stable than the fresh one. Such an idea was borrowed
from the physically paralleled ferroic system, ferroelectrics,
where an internal bias electric ﬁeld was considered to exist
after aging according to the same SC-SRO principle
[34,35].
4.1.2. Understanding of the increase of storage modulus and
decrease of internal friction with aging time
As is known, the static properties like the critical stress
for the rearrangement of martensite variants correspond

Dr
DeIN þ DeTB

ð3Þ

where E0 is the storage modulus, Dr is the change of external stress, DeIN is the strain change from the intrinsic elastic
deformation of martensite phase and DeTB is the strain
change from the twin boundaries motion. As stated above,
martensite aging mainly restricts the motion of twin
boundaries, thus only the inﬂuence of aging on DeTB is considered. For the internal friction in the martensite state, it is
mainly due to the hysteretic twin boundaries motion under
ac stress ﬁeld, so the value of internal friction is proportional to the twin boundaries mobility [28,36]. The higher
twin boundaries mobility gives rise to larger internal
friction.
Then the question is the origin of immobility of twin
boundaries during martensite aging. Two possibilities are
considered here. One is the short-range order change
within the bulk martensite. The other is the pinning of twin
boundaries by defects [17,18,37].
In Fig. 10, we schematically explain the evolution of
storage modulus and internal friction by the former mechanism, i.e. the SC-SRO principle. Before aging, the defect
symmetry of the fresh martensite is cubic and it has no
restriction to the twin boundaries motion. Therefore, the
twin boundaries can response freely to the external stress
ﬁeld, which induces a fairly large change of strain (DeTB)
and the corresponding storage modulus is small according
to Eq. (3). At the same time, the internal friction associated
with the hysteretic twin boundaries motion is large. By contrast, after aging, according to the SC-SRO principle, the
defect symmetry conforms to the crystal symmetry in each
martensite domain and stabilizes the domain conﬁguration.
Thus, when the external stress ﬁeld is applied, the twin
boundaries motion becomes more diﬃcult, because any
change of strain will encounter a resistance from the defect
conﬁguration which stabilizes their original orientation. As
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Fig. 9. Schematic illustration for the martensitic transformation and the following aging process according to the SC-SRO mechanism: (a) fresh parent
phase, (b) fresh martensite phase, and (c) aged martensite phase. P Bi (or P Ai ) is the conditional probability of defect B (or an atom A) occupying site i (i = 1,
2, 3, 4) if a defect B is at site 0. The values of P Bi and P Ai are represented by dark and light areas, respectively. They are uniquely related to SRO parameters.

Fig. 10. Schematic illustration for the twin boundaries motion under ac
stress ﬁeld for (a) unaged martensite phase and (b) aged martensite phase.
DeTB represents the strain change induced by twin boundaries motion.

a result, DeTB decreases after aging, and the corresponding
storage modulus becomes larger. Meanwhile, as the mobility of twin boundaries is decreased, the associated internal
friction is also decreased. As the short-range migration of
point defects gradually occurs during the aging process,
the DeTB also gradually decreases with increasing aging
time. As a consequence, we observed the gradual increase
of storage modulus and gradual decrease of internal friction with aging time.
For the twin boundary pinning mechanism, it allows the
long-range diﬀusion of defects (such as vacancies) into twin

boundaries, thus immobilizing them [17,18,37]. As a result,
DeTB gradually decreases and consequently the storage
modulus increases with aging. Meanwhile, the associated
internal friction also becomes small. The long-range migration of point defects to twin boundaries gives rise to the
gradual time-dependent change. In order to clarify whether
the bulk eﬀect or the twin boundary pinning eﬀect contributes to the martensite aging on dynamic properties dominantly, further critical investigation on the single domain
martensite is still required.
Nevertheless, the activation energy obtained in the present study seems to support the short-range migration of
point defects during martensite aging, which favors the
bulk mechanism involving short-range ordering of point
defects. For long-range diﬀusion, the activation energy will
be given as a summation of the migration energy (Em) and
the formation energy (Ef) of a vacancy [4,33,38]. For shortrange diﬀusion, it is usually assisted by the migration of
existing vacancies in the material, thus the activation
energy is only the migration energy (Em) [4]. It is reported
that the activation energy for long-range diﬀusion in
AuCd49.0 alloy is Em + Ef = 0.95 eV [4,38], which is much
larger than that of martensite aging obtained for AuCd49.5
(0.46 eV in the present study and 0.44 eV by Murakami
et al. [4]) Meanwhile, the activation energy for long-range
diﬀusion in AuCd50.0 is Em + Ef = 1.22 eV [4,33]. The value
of martensite aging is 0.49 eV for furnace-cooled AuCd50.0
and is 0.84 eV for water-quenched AuCd50.0. They are also
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much smaller than the above value for long-range diﬀusion. The comparison indicates that the diﬀusion of point
defects during martensite aging may favor short range
rather than long range. Such low activation energy is also
responsible for the fact that the aging proceeds by a short
time, even at room temperature.
It should be noted that a similar evolution of dynamic
properties has been reported in aged ferroelectrics, i.e. the
dielectric compliance (inverse of dielectric permittivity)
increases and dielectric loss decreases with aging time
[39,40], and such behaviors were also schematically understood in a similar way as shown in Fig. 10 [39].
4.1.3. Understanding of the temperature dependence
As discussed in the previous subsection, the evolution of
dynamic properties results from the domain stabilization
involving the short-range diﬀusion of point defects. When
aging at high temperatures, the diﬀusion of point defects
is fast, and the conforming of defect symmetry to the crystal symmetry can be ﬁnished in a short time. Thus, the
relaxation time of high-temperature aging is short, as seen
in Fig. 4a, and the evolution of dynamic properties is fast.
On the contrary, when aging at low temperatures, the diffusion of point defects is slow and the conforming of defect
symmetry to the crystal symmetry requires a comparatively
longer time. Thus, the relaxation time of low-temperature
aging is much longer; this is consistent with the results
shown in Fig. 4a, i.e. the lower the aging temperature,
the longer the relaxation time.
Furthermore, it is easy to see in Fig. 3 that, at the same
aging time, the change of dynamic properties increases with
increasing aging temperature. Such behavior can also be
seen in the static properties during martensite aging, for
instance, the increased value of critical stress is larger when
aging at higher temperature [4]. These results indicate the
martensite aging is a thermally activated process. However,
the origin of temperature dependence of the relative change
is still unclear. We think it may be understood by considering that diﬀerent amount of point defects are involved in
atomic reconﬁguration at diﬀerent aging temperatures.
But further investigation is still required for a coherent
and clear understanding.
4.1.4. Understanding of the point defect concentration
dependence
The comparison of three aged alloys with diﬀerent
defect concentration in Fig. 8 shows that the changes of
dynamic properties during martensite aging become more
pronounced with increasing defect concentration. Such
strong defect concentration dependence can be understood
by considering the fact that the martensite aging is characterized by the defect diﬀusion process driven by the SCSRO principle. When the defect concentration is large,
more defects are involved in diﬀusion process so that the
defect symmetry follows the crystal symmetry. Thus the
martensite phase is stabilized by more defects after aging,
and the change of strain and twin boundary motion will

encounter a larger resistance from the defect conﬁguration.
As a result, the increase of storage modulus and decrease of
internal friction will be more pronounced. With decreasing
defect concentration, fewer point defects are involved in
the diﬀusion process. Therefore, the corresponding change
of storage modulus and internal friction also becomes less
pronounced.
4.2. Modeling
4.2.1. Role of internal stress ﬁeld on the evolution of free
energy of martensite phase during aging
In the following, we attempt to give a theoretical
description for the aging eﬀects on the dynamic properties
phenomenologically by introducing a time-dependent variable coupled with the order parameter to a Landau-type
model. Such a time-dependent variable corresponds to
the rearrangement process of point defects. Just as mentioned in the above subsection, the martensite aging process can be viewed as a process where an internal stress
ﬁeld is established gradually to stabilize the martensite
phase. Such an internal stress ﬁeld can be considered as
the stress induced by elastic straining of the crystal lattice
when the defects conﬁguration conforms to the symmetry
of crystal by diﬀusion [23]. Thus, the dynamic properties
are aﬀected with the existence of such an internal stress
ﬁeld.
It is helpful to envision the martensitic transformation
as a distortion of the parent phase structure into martensite
structure. Then one can construct the free energy of the
system as a function of order parameter. A generic form
of Landau free energy that can reproduce ﬁrst-order martensitic transformation is a polynomial of the form
1
1
1
F ðg; T Þ ¼ aðT  T 0 Þg2 þ bg4 þ cg6
2
4
6

ð4Þ

where g is the order parameter, i.e. the characteristic lattice
distortion; a (positive), b (negative) and c (positive) are
coeﬃcients [2], T is the temperature and T0 is the lowest
temperature at which martensite phase could exist as a
metastable phase. An internal stress ﬁeld rin coupled to
the order parameter g contributes to the free energy by
ring. In this case the total free energy is given by
1
1
1
F ðg; T Þ ¼ aðT  T 0 Þg2 þ bg4 þ cg6  rin g
2
4
6

ð5Þ

The expression is our thermodynamic model for describing the free energy of aged martensite. Thus, in order to see
the evolution of free energy during aging, one should ﬁrstly
determine the time-dependence of the internal stress ﬁeld
rin. In the simplest approach the time variation of the internal stress ﬁeld rin may be considered linearly related to the
ðg;T Þ
derivatives of the Gibbs free energy, i.e. s @r@tin ¼ j @F @g
[23]. The equation must be resolved with the boundary conditions rin(0) = 0 and rin ð1Þ ¼ r1 as aging is considered
to correspond to the building up of the internal stress ﬁeld
rin. Thus the time-dependence of the internal stress ﬁeld rin
is expressed as
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rin ¼ r1 ½1  expðt=sÞ

ð6Þ

Based on Eq. (6), a schematic curve describing the evolution of this internal ﬁeld with aging time is shown in
Fig. 11a. We selected four states with diﬀerent internal
stress ﬁeld during the aging process, indicated by ﬁlled circles 1, 2, 3, 4 in Fig 11a. Fig. 11b schematically shows the
free energy as a function of the order parameter g corresponding to these four states during the aging process.
Immediately after cooling down to the martensite phase,
the minimum of the free energy curve is at a non-zero order
parameter, corresponding to the state without aging, indicated by ﬁlled circle 1. However, the defect symmetry
remains cubic just after the martensitic transformation,
producing an unstable situation where the non-cubic martensite phase is embedded with cubic defect symmetry.
Thus there is a thermodynamic driving force to change
the defect symmetry into the crystal symmetry where the
free energy is lower according to the SC-SRO mechanism.
As a result, martensite aging involving the defect reconﬁg-
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uration takes place and the free energy decreases gradually
with increasing internal ﬁeld rin, as indicated by ﬁlled circles 2, 3. When the defect symmetry is the same as the crystal symmetry, as indicated by ﬁlled circle 4, the free energy
is the lowest and the aged martensite phase reaches its thermodynamic equilibrium state.
4.2.2. The increase of storage modulus as a result of the
building up of the internal stress ﬁeld
In this subsection, we will show how the storage modulus evolves with aging time based on the internal stress ﬁeld
expressed in Eq. (6). The equilibrium of an isothermal system is given by the minimization of the free energy F (Eq.
ðg;T Þ
(5)) with respect to the order parameter, i.e. @F @g
¼ 0, thus
aðT  T 0 Þg þ bg3 þ cg5  rin ¼ 0

ð7Þ

At the transformation temperature, the parent phase
and the martensite phase has the same free energy, i.e.
F(g, T)P = F(g, T)M, thus
1
1
1
aðT  T 0 Þg2 þ bg4 þ cg6  rin g ¼ 0
ð8Þ
2
4
6
Combining Eqs. (7) and (8), the order parameter of the
martensite phase is given by
g ¼ g0 þ drin

ð9Þ

where g is the order parameter of martensite phase; g0,
qﬃﬃﬃﬃﬃﬃﬃﬃ
equal to  3b
, is the order parameter of the fresh martens4c
ite before aging. The drin is the fraction of order parameter
induced by the internal stress ﬁeld rin, where d ¼  3b4c2 . It
should be noted here that we ignore the temperature dependence of the order parameter of martensite phase for simplicity and for real cases the order parameter of
martensite increases slightly with decreasing temperature.
On the other hand, the storage modulus of the system is
the second derivative of the free energy:
E0 ¼

@ 2 F ðg; T Þ
¼ aðT  T 0 Þ þ 3bg2 þ 5cg4
@g2

ð10Þ

Combining Eqs. (9) and (10), the internal stress ﬁeld rin
can be introduced into the storage modulus E0 . As the term
drin in Eq. (9) is small compared to the order parameter of
martensite phase, the storage modulus could be obtained
approximatively by utilizing the ﬁrst-order Taylor expansion, which reads
E0 ¼ aðT  T 0 Þ þ 3bg20 þ 5cg40 þ 6bg0 drin þ 20cg30 drin
¼ E00 þ d0 rin
where E00

Fig. 11. Schematic illustration for the evolution of internal stress ﬁeld (a),
the corresponding change of free energy (b) and storage modulus (c)
during martensite aging. (1) Represents the state before aging; (2 and 3)
represent the intermediate states during aging; (4) represents the ﬁnal state
of aging, where the martensite phase is in equilibrium state.

ð11Þ
0

is the storage modulus before aging and d is a measure of inﬂuence of the internal
ﬁeld rin on the storage
qﬃﬃﬃﬃﬃstress
ﬃ
.
From
this function we can
modulus, which is equal to 6 3c
b
easily see that the larger the internal bias ﬁeld is, the larger the
storage modulus becomes, as the coeﬃcient d0 is positive.
Therefore, with the increase of the internal stress ﬁeld during
martensite aging, the storage modulus will gradually increase. Then the storage modulus change with aging time
can be obtained from Eqs. (6) and (11):
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ð12Þ

Eq. (12) has the same form as Eq. (1), which indicates
our modeling is consistent with our experimental data.
The schematic illustration for the evolution of storage
modulus with aging time according to Eq. (12) is shown
in Fig. 11c. The circled 1, 2, 3, 4 correspond to the four
states indicated in Fig. 11a and b. It should be noted
that in Eq. (12) the internal stress ﬁeld rin is considered
to be built up by a classic Debye relaxation; but for the
real case the situation would be complex, thus an exponent b is introduced to the stretched exponential equation (Eq. (1)).
By introducing a time-dependent internal stress ﬁeld
into the Landau-type free-energy model, the evolution of
free energy and dynamic properties during martensite
aging process can be described. This suggests that the martensite aging can be viewed as a process where an internal
stress ﬁeld is built up gradually through the gradual reconﬁguration of point defects and this internal stress seems to
play the same role as that of the secondary slow variable
proposed by other researchers [21–23].
5. Conclusions
On the one hand, we performed systematic experiments
on Au–Cd shape memory alloys to probe the in situ change
of dynamic properties, i.e. storage modulus and internal friction during the martensite aging process. On the other hand,
we proposed a homogenous Landau-type model to characterize the change of storage modulus during martensite aging
by introducing a time-dependent slow variable coupled with
the order parameter. The main results and conclusions are
drawn as follows.
(1) During martensite aging, the storage modulus shows
a gradual increase while the internal friction shows a
gradual decrease with increasing aging time.
(2) The evolution of dynamic properties with aging time
obeys a simple relaxation function with activation
energy of 0.46 eV for furnace-cooled AuCd49.5 alloy.
This value is consistent with reported one (0.44 eV)
obtained by research on the static properties during
aging.
(3) The evolution of both storage modulus and internal
friction shows strong dependence on the defect concentration of alloys and also on the temperature/frequency/displacement amplitude during dynamic
loading.
(4) We suggest that all the observed characteristics of
dynamic properties can be understood by the gradual
stabilization of martensite phase during aging
through the short-range reconﬁguration of point
defects, driven by the symmetry-conforming shortrange order (SC-SRO) principle. In addition, the twin
boundary pinning may also be a possible contribution to the observed aging eﬀects.

(5) The evolution of storage modulus during martensite
aging can be modeled phenomenologically by introducing a time-dependent internal stress ﬁeld to the
homogenous Landau-type potential and the obtained
results are consistent with our experimental
observations.
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