Transformation Relaxation and Aging in a CuZnAl Shape-
Memory Alloy Studied by Modulated Differential Scanning

Calorimetry

Z.G. WEI

The reverse martensitic transformation and aging processes in a polycrystalline Cu-23.52 at. pct Zn-
9.65 at. pct Al shape-memory alloy have been studied using the recently developed modulated
differential scanning calorimetry (MDSC) technique, and some new findings are obtained. By sep-
arating the nonreversing heat flow from the reversing heat flow, MDSC can better characterize the
thermodynamic, kinetic, and hysteretic features of thermoelastic martensitic transformations. Two
kinds of exothermal relaxation peaks have been identified and separated from the endothermal reverse
martensitic transformation: one is associated with the movement of twin interfaces or martensite-
parent interfaces, and another is due to the atomic reordering in the parent phase via a vacancy
mechanism. The martensite aging processes have been examined, and two stages of the aging process
been distinguished: the first stage of aging is characterized by the stabilization of martensite, as
manifested in the increase in the reversing enthalpy of the reverse martensitic transformation and in
the transformation temperatures, and the second stage is, in fact, the decomposition of the martensite
on prolonged aging, accompanied by a decrease in the transformation enthalpy. The results suggest
that the mechanisms of the relaxation in the martensite and in the parent phase may be quite different.

I. INTRODUCTION

DIFFERENTIAL scanning calorimetry (DSC) is a very
useful tool for analyzing various phase transitions in ma-
terials and has been extensively used to characterize the
transformations, especially the forward and reverse marten-
sitic transformations, in various shape-memory alloys.['*
However, traditional DSC does have some limitations.
Since DSC measures only the sum of all the thermal events,
the results are often confusing and misinterpreted if mul-
tiple transitions occur in the same temperature range. In
addition, DSC results are always a compromise between
sensitivity and resolution, so the sensitivity and resolution
are not high enough to detect some weak transitions or to
separate complex transitions. More recently, a greatly en-
hanced version of the DSC method called modulated dif-
ferential scanning calorimetry (MDSC) was introduced and
has now become available in the commercial differential
scanning calorimeters of TA Instruments.>¢! The MDSC
method not only can incorporate the capability of conven-
tional DSC by offering the same information, but also over-
comes the limitations of DSC and provides significant and
distinct advantages over it by providing new information
that permits unique insights into the structure and behavior
of materials; hence, MDSC has brought a new dimension
to thermal analysis.>”!

In conventional DSC, the sample temperature is usually
heated or cooled linearly at a constant rate. The measured
heat flow is the total of all the thermal responses and can
be simply expressed asl*]
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do dT

=G (dt) + 1@t T) [1]
where dQ/dt is heat flow, C, the sample heat capacity, d7/dt
is the heating rate, ¢ is the time, 7 is the absolute temper-
ature, and f{t, T) is a function of time and temperature
which governs the kinetic response of any physical or
chemical transitions observed in DSC.P! Accordingly, the
measured heat flow is, in fact, a combination of two com-
ponents: (1) the reversing heat flow, which is dependent on
the heat capacity and directly follows the heating rate; and
(2) the nonreversing heat flow, which depends on the rate
of any kinetically driven process and does not follow the
heating rate. The former is called the thermodynamic com-
ponent, while the latter one is called the kinetic component.
Unfortunately, it is impossible to separate the two compo-
nents in conventional DSC.

In the updated MDSC method, a small temperature os-
cillation or perturbation, say, a sine wave, is superimposed
on the normal isothermal, linear heating/cooling or other
steps of the temperature program. By using a discrete Fou-
rier transformation algorithm, the total calorimetric re-
sponse to the perturbation is then deconvoluted into the
reversing quantity and the nonreversing quantity. Accord-
ingly, MDSC is an invaluable tool for characterizing the
thermodynamic and kinetic features of a transition and may
provide some information which cannot be obtained from
traditional DSC. The benefits of MDSC, including the
higher resolution and ability to separate complex transi-
tions, improved sensitivity to weak transitions, simplicity
in measuring heat capacity, and so on, have been well doc-
umented in the literature.®*!% Some excellent reviews on
MDSC can be found in References 5 and 6.

The martensitic transformations in Cu-based shape-mem-
ory alloys are thermoelastic, i.e., the martensite exhibits a
thermal reversibility on heating and cooling. In addition,
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Fig. 1—The MDSC heating curves of the as-quenched CuZnAl alloy.
Experimental parameters: underlying heating rate, 5 K/min, modulation
amplitude, = 1 K; and modulation period, 60 seconds. The arrow indicates
an exotherm, which is amplified in Fig. 2.

the alloys are susceptible to postquench aging effects in
both the ordered parent phase and in the martensite state,
accompanied by substantial changes in various proper-
ties.[''"151 The complicated aging effects may deteriorate the
technical reliability of the alloys and, hence, adversely impact
the commercial applications of the alloys. It is well known
that the aging effects originate from thermally activated relax-
ation processes wherein atoms rearrange themselves to tend
to reach a more stable configurational state.['>4!9] Despite a
rich variety of experimental results, the mechanisms of the
relaxation processes leading to the complex aging effects
in the alloys remain not well understood so far. For in-
stance, it remains an unresolved question regarding marten-
site aging as to whether atomic (re)ordering or atomic
disordering occurs. Also, it has not yet been clarified
whether there is any difference in the mechanisms of the
kinetic relaxation processes in the martensite state and in
the parent-phase state. Modulated differential scanning cal-
orimetry seems to be a unique and powerful tool for ana-
lyzing the phase transformations in the alloys. The
objectives of the present work are, therefore, to characterize
the aging processes and examine the (reverse) martensitic
transformations in a polycrystalline CuZnAl alloy by ap-
plying the advanced calorimetric technique.

II. EXPERIMENTAL

The chemical composition of the alloy used was Cu-
23.52 at. pct Zn-9.65 at. pct Al. The alloy was prepared by
induction melting the commercially pure metals in a graph-
ite crucible. The alloy ingots were homogenized at 1123 K
for 8 hours and then forged into sheets of about 10 mm in
thickness. All the specimens used were cut from the sheets
or strips. The CuZnAl alloy samples were solution treated
at 1123 K for 5 minutes and then subjected to different
quenching. Much care was taken to avoid introducing any
thermal or mechanical stresses into the samples after
quenching. The as-quenched samples were slightly cleaned
and then immediately taken to perform the MDSC meas-
urements or held to undergo isothermal aging at the tem-
peratures of interest.

The MDSC measurements were employed using a DSC
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2910 MDSC* with a liquid nitrogen cooling accessory and

*DSC 2910 MDSC is a trademark of TA Instruments, New Castle, DE.

an argon gas DSC cell purge. The system allows heating
or cooling scans in the modulated or standard DSC regime.
The calorimeter was calibrated for cell constant, baseline
slope, and temperature readings using a standard sample of
high-purity indium, and the heat capacity was calibrated
with a standard sapphire sample using the same experi-
mental parameters in the temperature of interest. Since the
MDSC results of the alloys were found to be very sensitive
to sample size and surface effects, the geometrical config-
uration and weight of samples were kept as closely identical
as possible. The sample sizes were about 2.0 mm in di-
ameter and 0.8 mm in thickness. The samples were weighed
and placed into standard Al sample pans with crimped lids.
A matching empty sample pan with crimped lid was used
as the reference. The heating scan was performed by first
cooling the samples from room temperature down to about
223 K and then starting the heating ramp. In order to obtain
accurate and reproducible results, three experimental
parameters, i.e., underlying heating rate, modulation am-
plitude, and modulation period were carefully selected. The
modulation period was 60 seconds. The modulation ampli-
tudes of =1 and *2 K and various underlying heating
rates, from 1 to 10 K/min, were selected in the present work
to obtain various average and instantaneous heating-rate
schemes. Trial scans with empty pans verified that, under
the selected experimental parameters, the sine waves gen-
erated in the modulated heat-flow signals were symmetrical
without any distortion.

III. RESULTS
A. The MDSC of as-Quenched Samples

Figure 1 shows the MDSC heating curves obtained from
the room temperature—quenched sample, using a modula-
tion period of 60 seconds, a modulation amplitude of =+ 1
K, and an underlying heating rate of 5 K/min. The MDSC
result consists of three curves, representing the total heat
flow, the reversing heat flow, and the nonreversing heat
flow, respectively, as depicted in the figure. The total heat-
flow curve shows the sum of all the thermal responses of
the sample and provides almost the same information as
that obtained from the traditional DSC result at the same
underlying heating rate. In the temperature range from 250
to 600 K, the total heat-flow curve exhibits two evident
peaks. Evidently, the endothermic peak at around 325 K is
due to the transformation from martensite to parent 3 phase.
The exothermic peak, with a peak temperature of about 525
K, may either stem from the precipitation of bainite in the
ordered B phase or result from the DO, = B2 transition in
the alloys, which was found to take place within that tem-
perature range. Because the bainitic transformation usually
exhibits an exothermal peak, while the disordering transi-
tion is a second-order transition, if there arises any thermal
event, it should exhibit an endotherm rather than an exoth-
erm.l'718191 Actually, the critical temperature of the D0, =
B2 transition can be determined by combined employment
of DSC and MDSC, and the details of the characterization
of the weak transitions in the alloys will be described else-
where. Accordingly, the exothermic peak around 525 K
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Fig. 2—The amplified exotherm in the nonreversing heat flow curve and
the heat capacity of the alloy as a function of temperature. The dashed
lines are added to guide readers.

should be ascribed to the formation of bainite. Similar ex-
othermic peaks, due to the bainitic transformation and other
weak transitions in a modified CuAINi alloy, have been
characterized in a previous article using conventional
DSC.I' Tt is well known that the bainitic transformation in
the CuZnAl alloys is a diffusion-controlled process and that
the bainite does not show any thermoelastic reversibility,
although the mechanism of the nucleation of bainite re-
mains controversial.?*2!1 This point is clearly evidenced by
the fact that the exotherm observed in the total heat flow
is mainly contributed from the kinetic component, that is,
the nonreversing heat flow. Meanwhile, only a small step
is observed in the reversing heat-flow curve, due to the
change in the heat capacity. This result is, in itself, a per-
suasive example demonstrating the advantages of MDSC
over traditional DSC in the characterization of phase trans-
formations.

As regards the reverse martensitic transformation, both
the reversing and nonreversing heat-flow curves exhibit an
endotherm, comprising the endotherm in the total heat-flow
curve. It’s easy to understand the larger endotherm in the
reversing heat-flow curve because the martensite is ther-
moelastic. However, the martensite hardly exhibits a perfect
instaneous reversibility for the dissipation of some chemical
free energy due to some irreversible lattice defects, and,
therefore, a certain amount of driving force, i.e., super-
cooling or overheating, is needed to trigger the forward or
reverse transformation. As a result, there always exists a
thermal lag or hysteresis between the forward and the re-
verse transformation. Thereby, the endotherm in the non-
reversing heat-flow curve, however small, stems from the
kinematical feature of the transformation, including the
contribution from the nonreversible frictional energy dis-
sipated during the transformation and the contribution from
the martensite, whose thermal hysteresis cannot be covered
by the minor rapid temperature perturbation. We’ll discuss
this point in more detail in the following section.

Very interestingly, careful examination of the nonrevers-
ing heat-flow curve revealed that the endotherm that ap-
peared during the reverse martensitic transformation is
actually followed by a sluggish exotherm with a tempera-
ture span of more than 30 K, as indicated by the arrow in
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Fig. 3—The MDSC heating curves with improved resolution and
sensitivity by modifying the experimental parameters: (¢) modulated +2
K every 60 s, with a underlying heating rate of 3 K/min; (b) modulated
+2 K every 60 s, with a underlying heating rate of 10 K/min.

Figure 1 and amplified in Figure 2. A advantage of MDSC
is its simplicity in determination of the heat capacity: the
heat capacity and the heat flow can be measured in a single
heating ramp. The measured heat capacity of the alloy is
also presented in Figure 2. A small difference in the heat
capacity can be found between the martensite and the par-
ent phase. From the figure, it is evident that the endotherm
in the nonreversing heat-flow curve is associated with the
reverse martensitic transformation process, but the sluggish
exotherm seems to be related to a kinetic relaxation process
in the ordered B phase. This can be seen from the fact that
the heat capacity or the reversing heat flow exhibits no
substantial changes within the temperature range corre-
sponding to the exotherm.

The exothermic peak becomes more evident and remark-
able and can be clearly separated from the endothermic
peak by changing the underlying heating rate and the am-
plitude of modulation to further increase the sensitivity or
resolution. Figures 3(a) and (b) show the MDSC results
measured at an underlying heating rate of 3 and 10 K/min,
respectively, using a larger modulation amplitude of +2 K
with a period of 60 seconds. The measured data, especially
the peak areas roughly (transformation enthalpy), were
found to show remarkable dependence on the experimental
parameters. Although the relaxation peak becomes more
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sharp when using a lower underlying heating rate, we found
that the rate of 10 K/min can better characterize the relax-
ation. Since only atomic ordering or reordering is an exo-
thermic relaxation process in the temperature range of
interest, the exotherm is suggested to be due to the relax-
ation leading to atomic reordering in the parent phase via
a vacancy mechanism.

In the aforementioned MDSC measurements, the samples
were quenched into a room-temperature water bath. To ex-
amine the effect of the heat-treatment procedure on the
MDSC results, three more cooling procedures were em-
ployed: ice-water quenching, air cooling, and step quench-
ing (the samples were quenched in 373 K water, held for
15 minutes, and then quenched in room-temperature water).
The MDSC results, especially the nonreversing heat-flow
curves for the as-received CuZnAl samples, are quite dif-
ferent, as shown in Figure 4. From the nonreversing heat-
flow curves, it can be found that in the step-quenched sam-
ple (Figure 4(a)) there exists only a small endotherm which
is directly related to the reverse martensitic transformation.
On the contrary, a sharp exotherm is observed in the air-
cooled sample (Figure 4(b)). Meanwhile, in the rapidly
cooled sample (Figure 4(c)), a very sluggish exotherm with
a temperature span of more than 70 K appears, starting
from the onset of the reverse martensitic transformation but
exceeding the transformation range. Without question, the
MDSC results reflect the effects of the quenched-in defects
and the state of atomic order on the martensitic transfor-
mations. It is well established that, in the CuZnAl alloy,
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Fig. 4—The MDSC heating curves of the as-received samples, which are
subjected to different quenching procedures. Underlying heating rate, 5
K/min; modulation amplitude, +1 K; and modulation period, 60 s: (a)
step quenched (quenched into 373 K water and held for 15 min and then
quenched into room temperature water), (b) air cooled, and (c¢) ice-water
quenched.

the next nearest-neighbor (NNN) atomic ordering can sig-
nificantly increase the martensitic transformation tempera-
tures.”?] In the step-quenched sample, the NNN atomic
ordering is well developed; thereby, higher transformation
temperatures are obtained and there is no kinetic relaxation
process leading to atomic reordering in the 8 phase on po-
stquench heating scan. On the other hand, since the long-
range order (LRO) and short-range order (SRO) parameters
cannot reach their equilibrium states during rapid quench-
ing, atomic reordering will take place in the 8 phase in the
rapidly cooled sample. Thus, lower transformation temper-
atures and an exothermic peak were observed on the heat-
ing scan. However, it should be noticed that the exotherm
in the air-cooled sample may represent another kind of re-
laxation process. The exotherm seems to be more intimately
related to some kind of relaxation process accompanying
the reverse martensitic transformation rather than due to the
atomic reordering in the B phase. This can be evidenced
by the fact that the span of the exotherm corresponds almost
exactly to that of the endotherm.

B. Effects of Martensite Aging

Of particular interest is the effect of martensite aging on
the MDSC heat-flow curves. Figure 5 shows the MDSC
results of some CuZnAl samples aged in the martensite
state at room temperature for different periods. In agree-
ment with the traditional DSC curve, the total heat-flow
curve indicates that, on martensite aging, the peak temper-
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Fig. 5—The effect of martensite aging on the MDSC curves: (a) reversing
heat flow and (b) nonreversing heat flow. Underlying heating rate, 10
K/min; modulation amplitude, +2 K; and modulation period, 60 s.

ature shifts upward and the area of the peak, generally
speaking, tends to decrease. Very importantly, the reversing
and the nonreversing heat-flow curves provide clearer in-
formation which cannot be obtained from the traditional
DSC. Once the alloy is aged in the martensite state, the
endotherm in the nonreversing heat-flow curve is gradually
superimposed by the exotherm and finally becomes hardly
observable. Meanwhile, the exotherm becomes more sig-
nificant, with an increase in the area of the peak with in-
creasing aging time. Correspondingly, the area of the
endothermic peak in the reversing heat-flow curve also in-
creases significantly with increasing aging time. On pro-
longed aging in the martensite state, however, the areas of
the endotherms in both the total heat-flow curve and the
reversing heat-flow curve and that of the exotherm in the
nonreversing heat flow curve all tend to diminish. The
measurements using different underlying heating rates and
modulation amplitudes were also performed, and similar
results were obtained.

It is worth noting that once the as-quenched or aged mar-
tensite is transformed into the parent phase, the exotherm
observed in the nonreversing heat-flow curve will partially
or even completely disappear on the subsequent heating
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scan, depending upon the temperature and duration in the
parent phase. With increasing holding time in the S-phase
state, the area of the exotherm decreases and, finally, an
endotherm can be seen in the nonreversing heat-flow curve
after a certain period. The result can be easily understood
because, as we have described previously, the relaxation
leading to atomic reordering occurs in the parent phase. As
a matter of fact, the step-quenched sample, as shown in
Figure 4(a), already illustrates such an effect of parent-
phase holding on the MDSC result. In addition, the differ-
ence in the heat capacity of the martensite and the parent
phase was found to become smaller in the samples exposed
to parent-phase holding.

In order to examine the thermoelastic transformations,
the martensite-aged samples were subjected to transforma-
tion cycling, typically between 223 and 433 K. Both the
forward and the reverse martensitic transformations were
traced by MDSC. The results clearly indicate that the mar-
tensite aging effects in the early stage of aging can be an-
nealed out by heating to the parent-phase state: the
transformation temperatures are shifted to the stable values
and no exotherm peak can be seen on the second and third
heating scan. However, the second and third scans of the
well-aged samples show a gradual decrease in the area of
the endothermic peaks in the three kinds of heat-flow
curves, as compared to the MDSC results of the as-
quenched samples and short term—aged samples. This result
suggests that, on prolonged aging, more and more marten-
site plates become fully stabilized and, hence, lose their
reversibility. Figure 6 shows the first, second, and third
heating scans of two typical samples aged at room temper-
ature (in the martensite state) for different times, as defined
in the early stage and prolonged stage of aging, respec-
tively. The variation of the peak temperatures and peak ar-
eas as a function of martensite aging time, derived from
the first heating cycle and the second cycle, are presented
in Figure 7. From the results, two stages of the aging pro-
cess can be clearly distinguished.

In the first aging stage, the shift upward of the peak tem-
perature and the remarkable increase in the reversible trans-
formation enthalpy clearly indicate the stabilization of
martensite. Meanwhile, the fact that the derived values from
the subsequent scans remain essentially unchanged during
this stage suggests that the aging process is dominated by
kinetic relaxation rather than by thermodynamic decom-
position. From the MDSC curves, we can find that the onset
and peak temperatures of the exotherm in the nonreversing
curve always fall behind the temperatures of the endotherm
in the reversing curve, but may last an additional 20 to 30
K even when the endotherm ends. This fact strongly im-
plies that the exotherm is related to the formation of the 8
phase and that the kinetic relaxation process occurs once
the martensite is transformed into the parent phase. As we
mentioned earlier, assuming the exotherm is ascribed to the
relaxation process leading to the atomic reordering in the
B phase, the increase in the peak area of the exotherm sug-
gests that atomic disordering might have occurred during
the previous martensite aging. If this is the case, a sluggish
endotherm is expected to appear on martensite aging; oth-
erwise, an exotherm should be observed if atomic reorder-
ing takes place during the martensite aging.

In order to examine the relaxation processes occurring in
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Fig. 6—The typical first, second, and third heating curves for the samples aged in the martensite state for different periods: (@) through (c) aged at RT
for 5 h and (d) through (f) aged at RT for 1440 h. Underlying heating rate, 10 K/min; modulation amplitude, =2 K; and modulation period, 60 s.

the martensite state, the as-quenched samples were scanned
from 193 K using various underlying heating rates from 1
to 10 K/min and altering the modulation amplitude to in-
crease the sensitivity or resolution. Very strangely, no no-
ticeable endothermic or exothermic relaxation peaks were
detected in the temperature range in the martensite state.
This fact indicates that the relaxation in the martensite state
is different from that in the parent phase and that similar
atomic reordering on martensite aging can be denied. To
further trace the martensite aging process, isothermal
MDSC measurements were performed. The preliminary re-
sults reveal a clear, although weak and irregular, endother-
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mal relaxation process on the martensite aging. More
detailed investigations are underway.

The second stage of martensite aging is characterized by
the irreversible thermodynamic decomposition of marten-
site, and the resulting aging effect cannot be annealed out
by heating the alloy to the parent state. According to our
observations, the two aging stages can hardly be separated
in some cases, such as, for instance, in the rapidly-quenched
alloy. Also worthy of mention is the effect of sample size
and geometry. A thin sample with a large surface area usu-
ally promotes the decomposition of martensite and makes
it impossible to distinguish the two stages.
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Fig. 7—The transformation peak temperatures and peak areas (transformation enthalpy) as a function of martensite aging time at RT (a) and (b) the first
transformation cycle and (c) and (d) the second transformation cycle. See text for more details.

IV. DISCUSSION
A. Interpretation of the MDSC Data

Since MDSC is an updated calorimetric technique, the
detailed interpretations of the MDSC data are still being
discussed in the literature. The total heat flow is the only
quantity that is available and, hence, it is the only quantity
that is always measured in conventional DSC experi-
ments.”? Actually, in a calorimetric run of a thermally in-
duced thermoelastic martensitic transformation, the heat
measured in the conventional calorimeter is the sum of
three components.!'!

For the forward transformation,

—Q, = —AHy™ + AHpm + Epm [2]
For the reverse transformation,
O, = AHz» — AH» + Ep—r (3]

where O, and Q, are the measured heat during the forward
transformation and the reversion, respectively; AH,, the
chemical enthalpy change (latent heat of the transforma-
tion); AH,, is the stored elastic strain enthalpy change; and
E, is the energy dissipated in the form of frictional work.
Here, the positive sign is used when the system absorbs
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heat or energy, and vice versa. Evidently, the transforma-
tion enthalpy is only a part of the measured heat and, there-
fore, it is only a rough approximation to equal the measured
heat to the transformation enthalpy. Also, the heat capacity
obtained from the conventional DSC measurements is only
the “‘apparent heat capacity’’ or ‘‘total heat capacity.”” In
the MDSC measurements, the measured heat capacity is
associated with the reversible heat flow only and, hence,
represents a more accurate interpretation of heat capacity.!”

If no irreversible contributions had to be taken into ac-
count in the nonchemical free energy change, the thermoe-
lastic martensitic transformation would be ideally reversible
and an already existing martensite plate would grow and
shrink without any hysteresis in temperature. Owing to the
presence of irreversible contributions to the nonchemical
free energy, significant thermal hysteresis is at play even
for already existing martensite plates.!"! In principle, a local
thermoelastic equilibrium must be reached at individual
parent-martensite interfaces, resulting in a null change in
the energy balance. Usually, the change in the chemical free
energy AH,, is homogeneous, but the change in the stored
elastic energy AH, and the frictional work £, are quite in-
homogeneous. As a result, different martensite plates or
even different parts of the same martensite plate may ex-
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hibit different thermal hysteresis. Within a given tempera-
ture modulation amplitude, some martensite plates may
show a reversible feature while the others may be irrevers-
ible. For instance, once a small positive temperature per-
turbation, say, AT, is produced, some martensite plates will
transform into the parent phase. Within the negative tem-
perature perturbation —AT, (AT, is always smaller than AT,
on heating scans), only part of the parent phase is trans-
formed into martensite again; the other part may need a
larger negative temperature change to retransform into mar-
tensite. Therefore, the reversing heat flow reflects the ther-
modynamically reversible quantity of the thermoelastic
transformation, whereas the nonreversing signals include
not only the irreversible frictional work dissipated during
the transformation, but also the contribution of some ther-
moelastic transformation with larger hysteresis. If no ad-
ditional relaxation processes are involved, the nonreversing
heat flow should always show an endotherm on the reverse
martensitic transformation. The dependence of the mea-
sured data on the MDSC experimental parameters can be
used to analyze the kinetics and hysteretic features of the
martensitic transformations. This is an important area wor-
thy of future exploration.

Although there still remain some uncertainties in the
analysis and interpretation of the data, the reversing and
nonreversing heat-flow signals provide more rich informa-
tion which is not available in the total heat flow. For in-
stance, previous DSC measurements of the transformation
enthalpy in aged martensite revealed a decrease in the trans-
formation enthalpy with increasing aging time.?324 This re-
sult cannot explain the fact that the martensite is being
stabilized. Our MDSC measurements clearly show that the
reversible transformation enthalpy increases with the aging
time, indicating that the martensite becomes more difficult
to transform into parent phase. Tsuchiya er al.*! have
found that there is a good agreement between the kinetics
of the rubber-like effect and that of the stabilization of mar-
tensite, and a clear rubberlike behavior was observed within
10° seconds when the martensites in CuZnAl alloys were
aged at ambient temperatures. This is just within the first
aging stage, as we observed. It seems that the mechanism
of the rubberlike behavior may be associated with the re-
markable change in the reversing transformation enthalpy
or entropy. The rubberlike behavior on prolonged (second-
stage) aging, however, has not been reported. According to
our results, it can be deduced that the rubber effect will
gradually diminish with prolonged aging.

B. Mechanisms of the Relaxation Processes

As we described previously, two kinds of relaxation
peaks have been observed: one is associated with the re-
verse transformation, while the other is due to the atomic
reordering in the parent phase. To be more specific, the
former one, i.e., the relaxation peak observed in the air-
cooled sample, may originate from the movement of the
twin interfaces and the martensite-parent interfaces. It has
been observed that, in the water-quenched CuZnAl alloys,
the martensitic transformations start progressively, whereas
the slow-cooled samples show a burst type of transforma-
tion and transmission electron microscopy (TEM) obser-
vations revealed some differences in the fine substructures
of the martensite plates.?*?7 It seems that the interfaces in
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the martensites are pinned by some obstacles and the re-
laxation is related to the characteristic anelastic effect. As
is known, the pinning effect of the interfaces has been
widely observed in the stabilized martensites.'¥ Thus, it is
expected that a similar relaxation process may appear in the
stabilized martensites. Figures 5 and 6 clearly show that,
on martensite aging, the exotherm becomes more sharp and
closely related to the transformation. The exotherms ob-
served in the aged martensites may be the combination of
the two kinds of relaxation processes.

According to the thermodynamic assessments based on
the Bragg—Williams approximation, the A2 = B2 and B2
= DO0,(L2,) ordering transitions in the ternary CuZnAl
shape-memory alloys are second-order transitions,!'”! and
neutron diffraction experiments have confirmed the
point.["¥! Therefore, it is incorrect to assume that the B2 =
DO0,(L2,) ordering transition is depressed on quenching and
will develop further on postquench aging. However, al-
though the NNN atomic ordering transition cannot be sup-
pressed by rapid cooling, the kinetic evolution of the LRO
parameters en route to the final equilibrium state at a given
temperature is a typical first-order transition and, hence, can
be greatly affected by factors such as the cooling rate and
holding temperature and time. In the as-quenched alloys, a
relaxation process will take place on aging, wherein atomic
reordering proceeds through the diffusion of atoms via the
vacancy mechanism. In order to increase the degree of SRO
and LRO, the atoms will rearrange between different sub-
lattice, as well as within the same sublattice, sites. Usually,
a long-range diffusion mechanism is operative in such a
relaxation process and an exotherm can be observed

As regards the mechanism of martensite aging, there
have been some controversial interpretations. Previously, it
was suggested that the incomplete DO0,(L2,) atomic order
would tend to be more complete on martensite aging, giv-
ing rise to the stabilization of martensite.**28! On the con-
trary, Ahlers and his co-workers?>3% suggested that atomic
disordering between Cu and Zn atoms on nearest-neighbor
sites takes place, leading to a decrease in long-range order.
Atomic location by channeling-enhanced microanalysis
(ALCHEM) measurements, performed by Nakata et al.,’!
and other experiments, including TEM observations,??!
electron and proton irradiation,*34 electrical resistivity,
and thermoelectric power measurements,>31 have con-
firmed the occurrence of atomic disordering on martensite
aging.

Considering that MDSC has improved sensitivity and
resolution over traditional DSC, the fact that no relaxation
peaks were detected on the scanning in the martensite state
implies two possibilities: (1) the kinetics of martensite ag-
ing is too slow or the resulting thermal response is too weak
to be detected by the heating scans; and (2) the mechanism
of the kinetic relaxation process resulting in martensite sta-
bilization is different from that of the relaxation process in
the parent phase. From Figures 5 to 7, we can see that the
kinetic evolution of the martensite aging is not very slow,
as manifested by the shift of about 10 K in the peak tem-
perature and a significant increase in the area of the exoth-
erm after aging at room temperature for only about 30
minutes. If the same diffusion mechanism as that in the
parent phase is operative, such a thermally activated relax-
ation process of martensite must yield some noticeable ther-
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mal effect, which could be observed when measured at a
very low underlying heating rate. The unexpected failure
suggests that the mechanisms of the relaxation processes in
the martensite state and in the 8 phase may be quite dif-
ferent. Most probably, the relaxation in the martensite is
accomplished via a short-range diffusion mechanism, which
may result in smaller thermal events. More work is needed
in this area.

V. CONCLUSIONS

The MDSC technique has been employed to characterize
the martensitic transformations, kinetic relaxation pro-
cesses, and aging effects in a CuZnAl shape-memory alloy.
The results demonstrate that MDSC is a unique and pow-
erful tool for analyzing phase transformations in the shape-
memory alloy. In particular, the reversing and nonreversing
heat flows can provide more useful information than that
which is available from conventional DSC measurements.

Two kinds of exothermal relaxation peaks have been
found in the CuZnAl alloys on heating. One is mainly as-
sociated with the movement of twin interfaces and marten-
site-parent interfaces, observed in the air-cooled sample and
martensite-stabilized samples. The other one is due to the
atomic reordering in the parent phase, which appeared in
the water-quenched and martensite-aged samples. The two
kinds of relaxation processes may coexist in some aged
samples, and both of them can be annealed out when heat-
ing to the parent phase.

Two stages of martensite aging are distinguished the first
stage is characterized by the stabilization of the martensite
and the second stage is the decomposition of the martensite.
Our MDSC measurements clearly reveal that the martensite
stabilization is not only reflected by the increase in the re-
verse transformation temperatures, but is also represented
by the increase in the reversible transformation enthalpy.
The stabilization of martensite also gives rise to an increase
in the enthalpy for the exothermal relaxation process. The
mechanism of the relaxation process in the martensite state
is suggested to be quite different from that in the parent
phase.
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