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Abstract Isothermal treatments at 413 K were performed
in Cu—Al-Mn shape memory alloy samples, to study their
effects on the martensitic transformation. This procedure,
within the miscibility gap, produces spinodal decomposi-
tion. After each aging thermal treatment, martensitic
transformation was monitored using Differential Scanning
Calorimetry (DSC). Spinodal decomposition significantly
changes the characteristics of the martensitic transition,
reducing the transformed volume and modifying the criti-
cal temperatures. Furthermore, transformation hysteresis
loop narrows as the volume fraction of the spinodal pre-
cipitates increases. Effects of thermal cycling through the
martensitic transformation were studied in aged alloy
samples. It was found that cycling produces critical tem-
peratures changes, an increase in the transformed volume
fraction, and a wider hysteresis loop. The observed results
were discussed considering the interaction between spin-
odal precipitates and martensitic plates.
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Introduction

The Cu—Al-Mn Pphase at high temperature has a bcc
structure and, under suitable thermal treatments (quench-
ing), can be retained at low temperatures in
metastable state. During quenching, the system undergoes
two-order transitions namely: A2—B2 and B2-L2,.
Besides, in the course of cooling, the metastablefy Cu—Al-
Mn undergoes a martensitic transformation; a solid-state
diffusionless first-order phase transition takes place. Due to
cooling, martensite plates of up to 24 different orientations
(variants) are induced from a single crystal of the parent
phase. The forward (reverse) transformation begins by
cooling (heating) at a temperature called M (A;) and fin-
ishes at M; (Ay). These are known as transition character-
istic temperatures and are generally strongly dependent on
the alloy composition [1].

As in other Cu-based shape memory alloys, a hysteresis
loop is formed when temperature changes in a cyclical way
throughout the martensitic transformation. This hysteresis
loop is one of the essential characteristics of the martensitic
transformation and is linked to dissipative mechanisms
operating at different spatial scales. Those associated
mechanisms are: the nucleation of a new phase and inter-
action of interfaces with defects (microscopic scale), for-
mation and annihilation of elastically interacting domains
(mesoscopic scale) and heat transfer within the sample and
between the material and its surroundings (macroscopic
scale) [2]. Although there is considerable scatter in the
experimental data, a typical thermal hysteresis width, As —
M, for thermally induced transformation in Cu—Al-Mn is
around 25 K [3, 4]. Interestingly, this hysteresis width is
apparently independent on the sample composition, at least
for electronic concentrations (e/a) smaller than 1.46, for
which a 18R orthorhombic structure is formed after
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martensitic transformation [5]. It is worth mentioning that
the addition of Mn to Cu-Al alloys significantly modifies
the lattice constant. In fact, it has been found that the lattice
constant along the CuzAl—Cu,MnAl line increases for
about 2% [6, 7].

On the other hand, aging Pphase at intermediate tem-
peratures, within a miscibility gap, produces spinodal
decomposition in a CuzAl-rich phase and a Cu, AlMn-rich
phase [6, 8, 9]. Spinodal decomposition produces a two-
phase structure with interface planes parallel to {100}
planes [8]. In the early stage of decomposition, the lattice
constant difference is accommodated by elastic strains in
the interfacial plane. However, additional aging causes the
loss of the coherence between the two phases and the
formation of interfacial dislocations takes place [6-8]. In
both cases, a stress elastic field is generated.

As expected, this decomposition has important effects
on the martensitic transformation. A very interesting con-
sequence of spinodal decomposition on martensitic trans-
formation in Cu-Mn—Al has been found by Kokorin et al.
[10]: aging at 498 K produces a significant reduction of the
martensitic transformation hysteresis loop, from 37 to
12 K, after 3 h of thermal treatment. A similar result was
reported in Ref. [9]. It is worth noting that narrowing the
hysteresis width would be very useful in various applica-
tions which make use of the shape memory effect [11-13].
Therefore, knowledge about how the hysteresis width
evolves and its associated effects, when the material is
thermally treated, have a significant importance.

Although several experimental techniques can be used
for characterizing the martensitic transformation, Differ-
ential Scanning Calorimetry (DSC), with suitable calibra-
tions [14] and appropriate data-processing mechanism
[15, 16], provides one of the most accurate determinations
of temperatures and energy dissipation for thermally
induced martensitic transformation [17].

In the present work, we study the effects of isothermal
aging, within the temperature range of spinodal decom-
position, on the martensitic transformed volume fraction,
characteristics temperatures and hysteresis in a § Cu—Al—
Mn alloy. Also, the evolution of transition temperatures,
latent heat, entropy and transformation kinetics in aged
samples under thermal cycling are reported.

Experimental

The 71.66 at. % Cu-20.12 at. % Al-8.22 at. % Mn (nom-
inal composition) alloys with electronic concentration e/
a = 1.40 were prepared by melting about 15 g of 4 N
purity elements in an arc furnace under partial Ar atmo-
sphere using a non-consumable tungsten electrode and
were turned and re-melted several times in order to
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improve their homogeneity. The resulting ingots were
homogenized by annealing at 1123 K during 24 h in a
resistive furnace. Slices of 5 mm thickness were cut from
ingots. The slices were hot-rolled at 1073 K up to 1.5 mm
thickness, and quenched in water at room temperature. The
resulting microstructure consists of polycrystals with grain
size around 3-4 mm. Samples of 4 x 4 mm? for Differ-
ential Scanning Calorimetry (DSC) were cut using a low-
speed diamond saw. Before each test, the samples were
treated in [ phase at 1073 K for at least 900 s, then
quenched in an ice-water mixture (273 K) to retain
metastable [ phase, and later aged at room temperature
(~295 K) for 24 h. This aging was made in order to
reduce the vacancy concentration retained by quenching.
This procedure will be called hereafter “Basic Heat
Treatment” (BHT). Calorimetric measurements were taken
using a highly sensitivity differential scanning calorimeter
Setaram 131 Evo DSC, specially designed for studying
solid—solid phase transitions, at constant scanning rate
(10K minfl). The scan rate, the sample’s shape and volume,
were kept approximately constant (within experimental
conditions). This was done in order to avoid spurious con-
tributions associated with heat transfer between the speci-
men and its surroundings [17]. Moreover, before each test,
the sample was mechanically polished with sandpaper (grit
600) and chemically etched by immersion in a solution of
50% HNOs3 in H,O during ~ 15 s in order to optimize the
contact between the sample and the calorimeter’s aluminum
crucible. Samples with BHT were isothermally aged in a
resistive furnace at temperature, Ti;, = 413 K, for different

times #,5, 0 h < t,, < 300 h.

Results

The baseline-corrected DSC curves recorded during for-
ward (exothermic, dQ/dT < 0) and reverse (endothermic,
dO/dT > 0) martensitic transformation of samples with
BHT, and after aging for 90 h at 413 K, are shown in
Fig. 1. Critical temperatures were determined using the
transformed volume fraction as a function of temperature:
on cooling, the temperature at which 1% (99%) of the
martensite has grown was defined as M (My) and equiva-
lently for the B phase on heating for Ag (Af) [18]. It can be
noticed that in both cases the phase change is characterized
by smooth peaks, without heat exchange jumps.

As shown in Fig. 1, heat treatment at 413 K consider-
ably modifies the transformation characteristics: transition
characteristic temperatures are increased, the peaks are
flattened and the area under the peaks decreases. Moreover,
the phase change temperature interval (M;—Ms or Ar—Ay)
increases considerably and the hysteresis loop narrows,
being measured as:
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Fig. 1 Baseline-corrected DSC curves, corresponding to forward and
reverse martensitic transformation for BHT samples (left, black line),
and after aging 90 h at 413 K (right, red dashed line)

® = A; — M,. (1)

Evolution of the hysteresis for different aging times at
413 K is shown in Fig. 2. It is noted that the decrease in
hysteresis at the beginning of the aging is fast, but after
90 h becomes considerably slower, tending to a limit value.
Taking into consideration the relatively large grain size, for
BHT samples it is reasonable to approximate the equilib-
rium temperature as [19]:

To = (Af + My)/2. (2)
However, for spinodally decomposed samples, their

complex microstructure must be taken into account. In
light of this, we define a temperature

0o = (Ar + My)/2, 3)
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Fig. 2 Evolution of 6y (filled circle) and hysteresis @ (unfilled circle)
as function of aging time at 413 K

which matches T, only for BHT samples. A clear increase
in 6y as a function of aging time is observed in Fig. 2. This
observed increase can be partially explained by the com-
position change in the matrix phase due to the spinodal
decomposition. Amid this process, the matrix phase
becomes impoverished in Mn and Al, although to a lesser
extent in the latter element [8]. Moreover, as it is men-
tioned above, the microstructure resulting from the spin-
odal decomposition can affect the 6, value. The hysteresis
behavior will be discussed exhaustively later.

The transformation entropy change was determined
from curves for the forward (reverse) transformation as
follows [20, 21]:

ASP—m(m—p)
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—
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It should be noted that (4) is calculated assuming that
the whole mass of the sample transforms. This is only true
for samples which underwent the BHT, and in this case, we
named it ASy. For aged samples, instead, AS must be
interpreted as the apparent entropy change. For all cases,
the values reported were calculated as the average of the
absolute values obtained for the forward and reverse
transformations from Eq. 4.

BHT samples obtained a value of A4Sy, = 1.27 Jmol 'K,
satisfactorily matching those reported [4, 5]. Apparent
AS values for samples aged at 413 K as a function of thermal
treatment time are shown in Fig. 3. It becomes clear that the
apparent entropy change decreases strongly with aging time.
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Fig. 3 Apparent transformation entropy AS for samples aged at
Tiso = 413 K as function of aging time (¢,5)
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With the aim of investigating the stability of the thermal
hysteresis narrowing, thermal cycling between room tem-
perature (293 K) and 410 K on aged samples was per-
formed, and its effect analyzed. Using a scanning rate of
10 K min~', the time spent at high temperatures is short,
and the cycling thermal treatment does not modify the
volume fraction of spinodal decomposition for long time
aged samples. Cycling effects on samples aged 90 h at
413 K are shown in curves of Fig. 4.

From Figs. 5 and 6, it becomes clear that the thermal
cycling on aged samples has significant effects on the
martensitic transformation behavior. The temperature 0,
decreases approximately 7 K after 10 cycles, while the
apparent entropy changes 24% and the hysteresis increase
4 K. It is worth mentioning that cycling has no appreciable
effect on the BHT samples. Figure 7 shows the apparent
stored elastic energy of forward and reverse martensitic
transformation as a function of the cycle number, n. These
results will be discussed later.

Discussion

Precipitates can have different effects on thermally induced
martensitic transformations [22]. In Cu-Al-Ni, the intro-
duction of y-type precipitates increases transformation
temperatures, and can even change the type of martensite
formed from 2H to 18R, which reduces the hysteresis cycle
width [23, 24]. In Cu-Al-Be, vy, precipitates increase
transformation temperatures, whereas the hysteresis width
apparently does not change [25]. In Cu—Zn-Al, the pres-
ence of y precipitates modifies transformation characteris-
tic temperatures and causes a wider hysteresis loop, due to
plastic accommodation and relaxation processes associated
with matrix shape change upon transformation [26-30]. In
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Fig. 4 Curves corresponding to forward and reverse martensitic
transformation for samples aged 90 h at 413 K. Cycles 2 to 10
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Fig. 5 Evolution of 0, (filled circle) and hysteresis @ (unfilled circle)
as a function of cycle number, for samples aged 90 h at 413 K
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Fig. 6 Apparent entropy change AS as a function of cycle number,
for samples aged 90 h at 413 K

addition, thermal cycling produces stability of the trans-
formation temperatures for dense distributions of small
precipitates and, for bigger sized precipitates, an increase
in the transformation temperatures plus a reduction of the
hysteresis width [31]. It is noteworthy that the results
obtained in this work differ considerably from those
mentioned above.

As it has been pointed out previously, aging of the
metastable Pphase within the miscibility gap produces
spinodal decomposition into a Cu,MnAl-rich phase and a
CusAl-rich phase [8]. As expected, this process has
important effects on the martensitic transformation. The
overall transformation cycle characteristics change, as can
be seen in Figs. 1-3. Due to its composition, Cu,MnAl-like
particles cannot undergo martensitic transformation [4].
Additionally, it is known that for Cu—Al-Mn with e/
a < 1.46, the composition effect on the martensitic
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Fig. 7 Stored elastic energy: Effm =15 (My — Ms)ASy (filled
square) and E:lHB =14 (A — A)AS (unfilled square), as a function

of the cycle number, for samples aged 90 h at 413 K

transformation entropy change is small [5]. From experi-
mental data of Fig. 3, by using entropy’s extensivity, the
transformed volume fraction evolution can be estimated as:

AS

~(R) = AS x 100. (5)

After t,, = 130 h, this transformed volume fraction is
reduced to ~45%. On the other hand, a shift toward higher
values in 0, is observed in Fig. 2. This shift could be due
to, at least partially, the composition change of the sample
fraction that can undergo a martensitic transformation. The
0y behavior will be discussed in detail later.

On the other hand, the energy dissipated (Egis) in a
hysteresis cycle can be estimated by means of [32]:

Ediss = CDAS() (6)

Present results show that Eg;ss = 34.3 ] mol ™! for BHT
samples, and it is reduced to Eg;ss = 16.5 ] mol ™! for 90 h
aged samples at 413 K, due to the narrowing of ®. This
behavior has been attributed to relaxation phenomena [10].
Given the interaction of martensite plates with spinodal
decomposition precipitates, relaxation processes undoubt-
edly must take place. Nevertheless, by reason of the results,
it becomes necessary to explain the process thoroughly.

Since the martensite can be stress induced, it is quite
possible that the above-mentioned elastic stress field due to
interfaces affect the martensitic transformation, generating
the formation of a limited number of variants. With a
limited variants number, the interaction between variants is
reduced. As a result, the hysteresis cycle width diminishes.
This may be the cause of observed hysteresis narrowing in
the aged samples.

However, the cycling results (see Figs. 4-6) show that
that the effects of aging are not permanent. Namely, as we
increase the number of cycles it can be observed that: 0,
decreases, Fig. 5; the hysteresis width increases, Fig. 5;
and the apparent entropy change increases, Fig. 6. These
findings can be rationalized as follows: although the
number of variants has been reduced, the induced variants
can interact with the spinodal precipitates during cycling.
As a consequence of this interaction, the martensite plates
are plastically deformed. This process is possible since the
plastic deformation stress of martensite is relatively low
[33], while the plastic deformation stress of Cu,AlMn is
high [34]. The martensite plastic deformation causes, pro-
gressively, a relaxation of the elastic stress field, allowing
the appearance of new variants of martensite. The increase
in the number of variants permits to transform a larger
volume of the sample, see Fig. 6. In addition, building up
the number of induced variants raises variant to variant
interaction and, thus, the hysteresis width, Fig. 5. Since the
cycling does not modify the composition of the marten-
sitically transformed sample fraction, the elastic stress field
relaxation also consequently decreases 6, see Fig. 5.

Thermodynamic considerations establish that calori-
metrically measured heat comes from two contributions,
namely latent heat and stored elastic energy [35-37].
Explicitly:

—|Orl= —|Hpml|+|ES ™), (7)

|Or|=IHnp| —EG "), (3)

where Qp and Qg are the heat released or absorbed, Hg .,
and Hy,_.p are chemical enthalpy changes (or latent heat),

and EP~™ and E"P are the stored and released elastic
energy during forward and reverse transformations,
respectively. Since in this work, the critical transformation
temperatures are above 273 K, and a specific heat differ-
ence ACE_"“ ~ 0 is considered [38].

There is interesting evidence of plastic deformation in
the martensite plates. Indeed, according to references
[37, 39], the maximum amount of energy that could be
stored elastically in forward transformation is:

EDT™ = Uh(My — M;)AS,. (9)

Similar considerations lead to a maximum energy
released in reverse transformation:

ERNTP = 1h(Ay — Ap)AS,. (10)

It is important to mention that in both cases the actual
value can be lower, and part of the apparent elastic energy
(stored or released) could correspond to frictional effects,
irreversibly dissipated as heat, such as in the case of plastic
deformation. Therefore, the E; values must be understood
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as an upper bound [37]. Figure 7 shows E ™ and EI P as
a function of cycle number. It follows that, at the beginning

of the cycling EN P values are higher than EF,™™ ones;
however, after about six cycles, the values converge. It is
known that the martensite plastically deformed has a ten-
dency to be retained in the reverse transformation [35].
This martensite pinning leads to an increase in the (A —Ay)
temperature interval. Therefore, the results of Fig. 7 indi-
cate a progressive plastic deformation of the martensitic
phase.

Conclusions

The effects of intermediate temperature thermal aging in
Cu-20.12 at.% Al-8.22 at.% Mn samples were investigated
using DSC. The main results are:

e Aging at 413 K, within the miscibility gap, gradually
induces samples spinodal decomposition.

e The spinodal decomposition has important effects on
the martensitic transformation: The transformed vol-
ume is reduced, characteristic temperatures change and
the hysteresis loop narrows.

e The reduction in the number of martensite variants
which are able to form can explain the hysteresis loop
narrowing.

e Thermal cycling through the martensitic transformation
of aged samples partially modifies the above effects:
Transformed volume increases, critical temperatures
decreases and the hysteresis loop widens.

e Interaction between martensite plates and precipitates
lead to plastic deformation of the martensite, this
process could explain the whole observed results.
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