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We studied the two-step martensitic transition of a Cu-Al-Ni shape-memory alloy by calorimetry, acoustic
emission (AE), and resonant ultrasound spectroscopy (RUS) measurements. The transition occurs under cooling
from the cubic (β, Fm3m) parent phase near 242 K to a mixture of orthorhombic 2H and monoclinic 18R

phases. Heating leads first to the back transformation of small 18R domains to β and/or 2H near 255 K, and
then to the transformation 2H to β near 280 K. The total transformation enthalpy is �HT = 328 ± 10 J/mol and
is observed as one large latent heat peak under cooling. The back-transformation entropy under heating breaks
down into a large component 18R to β at 255 K and a smaller, smeared component of the transformation 2H to
β near 280 K. The proportions inside the phase mixture depend on the thermal history of the sample. The elastic
response of the sample is dominated by large elastic softening during cooling. The weakening of the elastic
shear modulus shows a peak at 242 K, which is typical for the formation of complex microstructures. Cooling
the sample further leads to additional changes of the microstructure and domain wall freezing, which is seen by
gradual elastic hardening and increasing damping of the RUS signal. Heating from 220 K to room temperature
leads to elastic anomalies due to the initial transformation, which is now shifted to high temperatures. The
transition is smeared over a wider temperature interval and shows strong elastic damping. The shear modulus of
the cubic phase is recovered at 280 K. The phase transformation leads to avalanches, which were recorded by AE
and by time-resolved calorimetry. The cooling transition shows very extended avalanche signals in calorimetry
with power-law distributions. Cooling and heating runs show AE signals over a large temperature interval above
260 K. Splitting the transformation into two martensite phases leads to power-law exponents ε ∼ 2 (β ↔ 18R)
and ε ∼ 1.5 (β ↔ 2H ) while the phase mixture shows an effective AE exponent of 1.7.

DOI: 10.1103/PhysRevB.94.024102

I. INTRODUCTION

Martensitic transitions are diffusionless structural transi-
tions that involve a change from high to low symmetry
phases dominated by a shear mechanism [1]. Usually, these
transitions show athermal character to some approximation,
and thus proceed via a sequence of avalanches associated with
discontinuities of the order parameter that reflect the fact that,
when externally driven, the system jumps across a sequence of
metastable states. Avalanches are a consequence of dynamical
constraints imposed by nonhomogeneities associated with
both intrinsic disorder such as lattice defects, impurities, or
by jamming, together with long-range interaction arising from
elastic compatibility constraints [2–4]. Avalanches in many
such systems occur with the absence of characteristic time
and size scales. This behavior defines the so-called avalanche
criticality where the dynamics of the transformation process is
characterized by a power law of the avalanche size or energy
probability distribution function. Under athermal conditions,
the power-law exponents have been argued to depend on the
driving mechanism [5,6] and computer simulations found no
shifts of the exponents [7] when the microstructural transfor-
mation process remained topologically invariant. This result
suggests that exponents may change as function of variant
multiplicity, which is the number of equivalent structural

domains that can occur at the transition [8]. This reflects the
idea that by increasing variant multiplicity, the system is able to
find more paths connecting high- and low-temperature phases,
which may affect exponents of the avalanche size and energy.
Recently the effect of internal twinning of martensitic variants
on propagation dynamics has also been suggested to influence
avalanche dynamics during stress-induced transformation to
an orthorhombic martensite in Cu-Al-Ni [9]. To further clarify
the influence of symmetry effects on avalanche criticality,
we study avalanches in the thermally induced martensitic
transition of a Cu-Al-Ni alloy, which transforms to a mixture
of monoclinic and orthorhombic phases involving variant
multiplicities of 12 and 6. We show that the power-law
exponents do indeed change for different heating and cooling
protocols due to history-dependent effects on the selected
transition paths.

We monitor martensitic avalanches from acoustic emission
(AE) and calorimetric measurements. AE originates from fast
local changes of strain fields across propagating interfaces.
It is a very sensitive technique that allows the detection
of weak events over a wide range of length scales from
nanometers to microns. Acoustic AE waves carry temporal
and spatial information related to the source of the acoustic
emission, and have been used extensively in the past to study
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martensitic phase transitions (see, for instance, Ref. [10,11]).
Recently, by modeling AE waveforms of the acoustic events
it has been shown that the transformation from cubic to
orthorhombic in Cu-Al-Ni occurs on a faster timescale than
the transformation to the monoclinic phase [12]. Here we
focus on another aspect of the transition mechanism, namely
the collective dynamics of the transition from the view of
statistical mechanics. We measure the energy and amplitude
of AE events during the transformation processes [8] and
combined these measurements with calorimetric and RUS
measurements, which allows us to distinguish between two
different transformation mechanisms.

Cu-Al-Ni belongs to the family of Cu-based Hume-Rothery
shape-memory alloys. In this class of alloys, fast cooling
from the high-temperature (disordered bcc phase) stability
region prevents the formation of equilibrium phases and thus
enables retaining of an ordered (nearest- and next-nearest-
neighbor ordering) cubic phase (usually denoted β phase)
at (or close to) room temperature. After further cooling,
this long-living metastable phase undergoes a martensitic
transition. This material has been the subject of active research
during recent years, since associated with the martensitic
transition, it displays interesting shape memory and su-
perelastic properties [13]. Problems such as the influence
of aging [14,15] and cycling [16] on the transition and
martensitic microstructure, and the elastic behavior above and
below the transformation [17,18] among others, have been
studied in detail due to their relevance in relation to potential
technological applications of this material.

In Cu-based alloys, phase stability is largely controlled by
the electron concentration, e/a [19]. In particular, the actual
martensitic structure is sensitive to fine tuning of the electron
concentration e/a [20]. In Cu-Al-Ni the stability boundary
separating the monoclinic 18R from the orthorhombic 2H

phase has been predicted at e/a ∼ 1.53 [21]. It has been
reported that both monoclinic and orthorhombic phases can
coexist [22–24] close to this critical electron concentration.
The existence of this coexistence region is also favored by
the fact that the stresses associated with the occurrence of
orthorhombic variants at the onset of the temperature-driven
transition may induce the transformation towards the mono-
clinic phase [25]. Thermally induced transitions equally occur
so that the methodology of the investigation of ferroelastic
phase transitions becomes applicable [26] while the athermal
nature of the phases remains approximately preserved over
limited temperature intervals [27].

II. EXPERIMENT

A Cu-Al-Ni polycrystalline sample was prepared by al-
loying 99.99% purity copper, aluminum, and nickel. Small
pieces with appropriate masses (weighted with a precision of
0.1 mg) of each metal were cut and were melted by means of
a W-2%Th electrode vacuum arc furnace into a water-cooled
copper crucible under a partial argon atmosphere. The sample
was remelted at least eight times in order to reach a high
homogeneity degree. After solidification, the Cu-Al-Ni alloy
was homogenized at 1073 K for about two days. It was then
quenched in water and annealed at room temperature for
some weeks. This heat treatment ensures a highly ordered

FIG. 1. Grain size distribution of the studied sample. The contin-
uous line is a log-normal fit.

state, free from internal stresses and with minimum vacancy
concentration. This heat treatment resulted in a large grain
size with average diameter of about 1 mm (see Fig. 1).
The composition was obtained from EDX measurements to
be Cu68.1Al28.1Ni3.8 (e/a = 1.56). At high temperature, the
sample displays an L21 (Fm3m) cubic structure (β phase).
For calorimetric and AE measurements the same specimen was
used. It was cut from the ingot with a low-speed diamond saw.
The specimen is 2.4 mm tall and has a flat nearly rectangular
base of 53.5 mm2. The corresponding mass is 0.9921 g. For
RUS measurements we cut a slice of 4 mm × 2.4 mm × 1 mm,
parallel from one side of the specimen used for calorimetry and
AE experiments.

The heterogeneous strains generated by the polycrystalline
nature of the sample were analyzed by x-ray diffraction using
a William-Hall analysis. The resulting William-Hall plots
confirm large grain sizes and moderate strain broadening. The
heterogeneous strain along the cubic main axes {100} is 2.4%
and 0.5% along {110} directions. This means that grains are
squeezed along the {100} directions but rather unstressed along
the {110} directions. This is related to the direction of the shear
mechanism leading to the martensitic structure from the parent
cubic phase [20]. The overall strain effect is, thus, rather small
and not unusual for martensitic transformations.

Measurements of heat flux φ were performed using a high-
resolution conduction calorimeter, which has been described
elsewhere [28]. The sample is pressed between two identical
heat flux meters, which are made from 50 chromel-constantan
thermocouples connected in series, with the wires placed in
parallel lines. The flux meters are thermally coupled to a
large calorimetric block. The block is placed into a hermetic
outer case under vacuum (10−7 torr). The temperature of
the calorimetric block is recorded by means of a platinum
resistance thermometer.

Heat fluxes were measured with a resolution <0.1 μW.
Due to the high thermal inertia of the calorimeter block, it was
possible to perform experiments at very low-temperature rates,
r , in the range 10−4–10−5 K/s. Temperature fluctuations of the
calorimeter block were smaller than 10−6 K. The system works
as differential thermal analysis (DTA) device during cooling
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and heating runs. The electromotive force provided by the flux
meters, which is proportional to the heat flux, was recorded by
a nanovoltmeter Keithley K2182 at a sampling rate of 12.5 Hz.
The integral of the flux above a suitable baseline is proportional
to the excess enthalpy of the sample [29].

The experimental arrangement for AE measurements is
based on a PCI-2 acquisition system (Europhysical Acoustics),
working at a nominal time resolution of 40 MHz. The sample
was mounted on the top of a copper block situated inside a
double Faraday cage constituted of copper and iron shielding
layers. A piezoelectric sensor (R15LT transducer, encapsulated
in stainless steel) was acoustically coupled to the upper surface
of the sample by a thin layer of petroleum jelly. The signal
from the transducer was amplified (60 dB), band filtered
between 200 kHz and 1 MHz, and transferred to the acquisition
system. For identification of AE events, a threshold above the
(unavoidable) instrumental noise was fixed at 24 dB. An event
i was assumed to start with the first crossing of the threshold
at time ti . The end of the event, ti + �ti , is determined when
the voltage crosses the threshold in the downward direction
and remains below threshold for more than a preset detection
time of 100 μs in our experiments. The energy of the events
is determined by numerical integration of the square voltage
during the duration �ti , normalized by a reference electric
resistance of 10 k�. The AE activity is defined as the number
of events per unit time measured over large enough intervals (of
the order of the second) so that this quantity can be compared
with more macroscopic measurements such as calorimetry. A
corresponding AE energy can also be defined as the sum of
the energies of the events emitted over these large intervals.

The principles of RUS have been described in detail by
Migliori and Sarrao [30] and Migliori and Maynard [31].
RUS is used to measure the resonant frequencies of normal
modes of vibration of a material in the frequency region
∼ 0.1–2 MHz. In the low-temperature RUS arrangement used
for the experiments described here, the sample sat lightly
between piezoelectric transducers in a sample holder, which
was lowered into an orange helium flow cryostat with a few
mbars of helium as exchange gas [32]. Acoustic resonances
of the sample were excited by sending an ac electric signal
to one of the transducers, and were detected by the second
transducer. Individual spectra, consisting of 130 000 data
points, were collected in cooling and heating sequences,
including a thermal equilibration period of 20 min at each
temperature. Spectra were analyzed off line using the software
package IGOR (Wavemetrics) to fit selected peaks with an
asymmetric Lorentzian function. The square of the resonance
frequency, f , scales with the elastic constants which determine
a given mode and these, in turn, depend primarily on shearing
motions. The peak width at half height, �f , provides a measure
of acoustic loss through the inverse mechanical quality factor,
Q−1 = �f/f .

III. RESULTS

DTA traces, defined as the ratio, φ/r , of heat flux and
temperature rate, were obtained for heating and cooling runs.
Two values of the temperature rate were used, r = 0.04 K/h
(∼10−5 K/s) and r = 0.25 K/h (∼7 × 10−5 K/s). Typical
results are shown in Fig. 2. The direct transformation (cooling

 2

 3

 4

 5

 6

 7

 8

 9

 10

 230  240  250  260  270  280  290

φ/
r  

(J
/K

)

Temperature  (K)

FIG. 2. DTA traces for heating (red) and cooling (blue) experi-
ments. Data corresponding to cooling experiments have been changed
in sign to allow a better comparison to heating data.

run) is characterized by a broad anomaly of the heat flux
between 250 K and 230 K with a large number of spikes over
a smaller temperature interval at the upper end of the broad
anomaly. The reverse transformation (heating data) shows a
smeared anomaly between 235 K and 260 K where a small
number of weak spikes are superimposed, followed by a large
number of strong heat flux peaks in the temperature interval
between 265 K and 295 K. This suggests that on heating the
transition is split into two different stages.

Integration of the DTA trace gives the transition enthalpy
(Fig. 3), �HT = 328 ± 10 J/mol. The low-temperature trans-
formation (smooth anomaly with some spikes) accounts for
94% of total enthalpy. The high-temperature transformation
accounts for the remaining 6%. The fraction of enthalpy as
function of the temperature �H (T )/�HT is taken as measure
for the transformed fraction x(T ).
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FIG. 3. Integrated transition enthalpy for heating (red) and
cooling (blue) runs. The total enthalpy change is identical within
experimental errors. The right scale gives the corresponding trans-
formed fraction.
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FIG. 4. Activity plots of avalanches obtained from calorimetric
measurements during (a) heating and (b) cooling runs. Activity is
measured by counting the number of spikes larger than 23 μJ in
intervals of half a Kelvin. Smooth continuous lines display a fit of the
sum of two Gaussian distributions.

High-frequency noise in the calorimetric data was filtered
out, after the experiment, by a fifth-order all-pole Butterworth
filter with a normalized cutoff frequency of 8 × 10−2 Hz.
The spikes of the experiments were obtained by searching the
local maxima in the heat flux signal. The number of spikes
larger than 23 μJ is 929 for the cooling run and 1518 for the
heating run. The avalanche activity was measured as number
of spikes per interval of 0.5 K. The temperature-dependent
activity is shown in Fig. 4. The activity shows a single
peak during the cooling experiment, two peaks are observed
during the heating run. The enthalpy change occurs mainly
during the low-temperature transformation while the spike
activity is stronger at the high-temperature transformation.
The avalanches were statistically analyzed and the exponent
of the power-law probability p(E) ∼ E−ε was determined
(Fig. 5, top panel) using a maximum-likelihood analysis. An
exponent ε = 2.0 ± 0.3 was obtained for the cooling run. For
the heating run, the signals for the two transformations were
analyzed separately. An exponent ε = 2.4 ± 0.4 was obtained
for the low-temperature transformation and ε = 2.2 ± 0.3 was
obtained for the high-temperature transformation, albeit with
very few peaks in the thermal curve.

In Cu-based shape-memory alloys an entropy change of ca.
1.3 J/K mol was predicted for systems transforming to the
18R phase and an entropy change of 1.6 J/K mol for systems
transforming to the 2H phase [20]. Taking the fractions of
both phases estimated from calorimetric measurements and
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FIG. 5. Log-log plot of the distribution of energies (linear bins) of
the spikes detected from calorimetric measurements. Data recorded
during the heating run are split at T = 260 K separating the
contributions to the activity observed in Fig. 4. Straight lines display
best power-law fits to experimental data.

a common equilibrium temperature T0 � 250 K for both
β ↔ 18R and β ↔ 2H transitions, we obtain that the heat
exchanged at the transformation should be, q � 1.3 (J/mol
K) ×0.94 × 250 (K) +1.6 (J/mol K) ×0.06 × 250 (K) =
329.5 J/mol, which is very close to the calorimetrically mea-
sured transformation enthalpy of 328 J/mol during the cooling
run. This result is hence consistent with the interpretation that,
on cooling, the transition occurs to a mixture of 94% 18R and
6% 2H . The splitting of the reverse transitions under heating
is a consequence of the fact that the transition to the 2H phase
is known to occur with a much wider thermal hysteresis than
the transition to the 18R phase [25,33].

An additional calorimetric experiment was performed to
study the thermal hysteresis of the two transformations.
First, the sample was cooled down to 200 K from room
temperature (step 1); it was heated up to 260K (step 2) when
the low-temperature transition appeared finished. The sample
was then recooled to 220 K (step 3) and heated again to room
temperature (step 4). DTA traces for this experiment are shown
in Fig. 6.

The data for step 1 and step 2 are similar to those obtained
in the initial experiments (see Fig. 3). Following the ideas
previously described [22,23], a mixture of monoclinic 18R and
orthorhombic 2H grows during the cooling transformation.
The transition from monoclinic 18R to cubic β phase has been
completed after step 2 and the sample contains a mixture of
the cubic and orthorhombic phases.

When the sample is cooled again (step 3), a broad anomaly
is found. The new transition starts at a higher temperature (by
approximately 5 K) while the peak temperature of the heat
flux does not change. Very few spikes occur in this experiment
(around 20 events), which suggests that avalanches during the
cooling transformation are due to the now-depleted cubic to
orthorhombic transformation.

Finally, the sample is heated from 220 K to room tempera-
ture (step 4). Two slightly overlapped stages were found. The
low-temperature transformation is smeared with no spikes.
The high-temperature transformation shows a larger number
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of spikes (3712) which are superimposed to a broad smooth
anomaly. This smeared anomaly was not previously observed
in the first experiment. The total enthalpy balance is fulfilled
as shown irrespective of the thermal history of the sample
(Fig. 7.)

We recorded AE signals during heating and cooling with
rates 5.5 × 10−3 K/s. AE rates are usually much faster than
calorimetric rates, which are determined by the very slow
response of the calorimeter. We started measurements at a high
enough temperature of 320 K that ensures that the sample is
fully in the β phase. The sample was then cooled to 220 K and
subsequently heated from 220 K to 320 K. Figure 8 (top panel,
blue curve) shows that during cooling significant AE activity
was detected between 260 K and 230 K, with a maximum near
240 K. The AE activity peak is located in the same temperature
interval where avalanches in the heat flux were found. Also in
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heating from 220 K to room temperature (magenta line). The dotted
red line represents the enthalpy for the initial heating run.
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temperature during cooling from 320 K down to 220 K (blue) and
subsequent heating up to 320 K (red). (b) AE activity recorded during
the same runs (using also bins of 2 s). The arrows indicate the range
for the analysis presented in Fig. 9(b).

agreement with calorimetry, the activity peak shows big spikes
at the early stages of the transformation and becomes smoother
at the late stages. In contrast, during heating AE appears in a
very broad interval between 240 K and 300 K (see Fig. 8, top
panel red curve). Two peaks were identified in this interval by
calorimetry, while only one broad peak is seen in AE. When
the AE energy is examined, instead of the AE activity, (see
Fig. 8, top panel), a large amount of the energy dissipated by
AE is associated with the big AE spikes while little energy is
dissipated in the smoother transformations regions.

We show the distribution of energies of one complete set
of AE signals during cooling and heating runs as log-log
plot in Fig. 9(a). An approximate power-law distribution with
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FIG. 9. (a) Log-log plot of the distribution of avalanche energies
(in aJ) for complete cooling and heating runs. (b) Distribution of
avalanche energies (in aJ) for signals detected in the temperature
interval 230–250 K (corresponding to the 18R → β transition) and
270–290 K (corresponding to the 2H → β transition) respectively.
The intervals are indicated in Fig. 8.
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some exponential cutoffs is obtained over more than three
decades. The corresponding characteristic exponents have
been obtained using a maximum likelihood method, which
consists of studying the behavior of the fitted exponent as
function of a varying lower cutoff Emin (see, for instance,
Ref. [34]). This analysis should lead to a plateau that defines
the characteristic exponent. This is shown in Fig. 10. The
plateau is not well defined but some region with small slopes
appears. The exponent was estimated at the onset of the plateau
as indicated by dashed lines in the likelihood curves in Fig. 10.
The exponents obtained are ε = 1.7 ± 0.2 for cooling and
heating runs. We have further analyzed separately signals
corresponding to the early 18R → β and late 2H → β stages
during heating. The corresponding energy distributions are
shown in Fig. 9(b) and the results of the maximum-likelihood
analysis shown in Fig. 10. An energy exponent ε = 2.0 ± 0.15
(green curve) is obtained for signals at the early stages while
an exponent ε = 1.5 ± 0.15 (orange curve) is estimated for
later stages. These values are in excellent agreement with
those predicted for β ↔ 18R and β ↔ 2H transitions,
respectively [8].

The results of the RUS measurements are shown in Fig. 11.
Cooling the sample leads to a decrease of the shear stiffness
of the sample. Figure 11 shows data from two elastic RUS
resonances. Both resonances show a weak but significant
decrease of the shear modulus above 260 K and a strong
dependence on the thermal history of the sample. First, cooling
from room temperature to 220 K gives a well-defined transition
at 242 K with significant softening below 280 K. The phase
below 242 K is not static and shows strong thermal hardening
under cooling. Subsequent heating from 220 K to 260 K
leads to a much wider transition at 249 K. At 260 K the
shear modulus has not recovered the stiffness of the virgin
crystal during cooling. Repeated cooling from 260 K to 220 K
recovers the transition at 242 K of the first cooling experiment.
The data in the low-temperature phase are fully reproduced and
show no thermal hysteresis. Second heating from 220 K to
room temperature leads to elastic softening, which is further
shifted to higher temperatures. The transition region is now
very broad and the maximum damping and minimum shear
modulus is around 254 K, which is well above the initial

FIG. 11. RUS frequencies (a) and damping (b) during cooling
and heating experiments. The sample was first cooled to 220 K,
then heated to 260 K, recooled to 220 K and finally heated to
room temperature. The minima in the squared RUS frequency and
the maximum of the damping Q−1 are close to the transformation
instability points, which show with thermal history. The gradual
changes below 242 K show that the 18R+2H phase mixture is not
athermal at low temperatures.

transition temperature of 248 K. The initial shear moduli are
fully recovered above 280 K.

IV. DISCUSSION

The three experimental techniques disclose mechanisms
of the thermal transformation of a Cu-Al-Ni shape-memory
alloy on different length scales. Calorimetry measures the total
transformation enthalpy and, additionally, detects avalanches
as indication that the transformation contains non-smooth
dynamics. This does not mean that the entire process is
nonsmooth as much of the enthalpy is contained in a
continuous background signal. In contrast, AE is a very
sensitive technique to small changes of the local strain field,
and thus very adequate to quantify avalanche dynamics. RUS
measurements average over times that are much longer than the
life times of avalanches [35]. RUS measures the overall elastic
shear moduli of the sample, which includes both intrinsic
softening/stiffening due to coupling of the order parameter
with strain and extrinsic contributions dominated by the
formation and change of twin and interfacial microstructures.

First cooling of Cu-Al-Ni leads to a main transformation
event near 242 K, which is observed by all techniques.
Calorimetry reveals that the resulting low-temperature form
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is a phase mixture of 18R and 2H . The proportions between
these phases is strongly biased toward the 18R phase, i.e.,
94%. In contrast, the AE signal is biased towards the
transformation into the 2H phase. The RUS spectra show
an overall elastic softening, which reaches a maximum at
the transition point. The details of the softening are unusual
for martensites, however, where the shear modulus remains
temperature independent once the martensite is formed. This
archetypal behavior was reported, e.g., for Cu74.08Al23.13Be2.79

[36]. The microstructure of the martensite phases in Cu-Al-
Ni still changes at low temperatures so that the athermal
behavior is never established for these phase transitions. This
observation qualifies the term athermal: at 242 K the β phase
transforms into 18R and 2H in a narrow temperature interval
while the microstructure of the phase mixture changes under
further cooling. During this thermal adaptation [37] no AE
signals or jerky heat fluxes are found. This means that the
proportions between the 2H and 18R phases do not change in
any measurable way but that the twin microstructures do. The
thermal hardening of the shear moduli is fully reproducible
on cooling but not on heating where we also find a significant
thermal hysteresis. This indicates that the elastic hardening
and increase of the elastic damping (as expressed by Q−1)
during cooling relates to gradual domain wall freezing with an
extremely broad excitation spectrum. Such thermal behavior
is commonly observed in ferroelastic materials [38,39].

AE is expected to be associated with the amount of
transformation hysteresis [40] so that the AE results can be
understood if a transformation to two martensitic phases 18R

and 2H occurs simultaneously during cooling. During heating
these two martensites retransform differently. At the early
stages, the 18R phase retransforms to the parent phase (and
possibly some 2H ) with a weak hysteresis and thus with AE
carrying very little dissipated energy. At higher temperature,
the 2H phase retransforms under the emission of very intense
AE signals. The main AE energy near 280 K is then associated
with the transforming between the small amount of 2H and β.

We now return to the discussion of energy exponents.
The pure phase transitions β ↔ 2H and β ↔ 18R show
relatively good power-law distributions of avalanche energies
in both heat flux and AE measurements. The exponents for
the individual transformations were identified under heating.
AE measurements render clearly different exponents, namely
ε = 2 (β ↔ 18R) and ε = 1.5 (β ↔ 2H ). The exponent for
the majority transformation β ↔ 18R is far removed from
the expected mean field value[4] while the lower value may
coincide with mean-field theory if the boundary conditions
are carefully chosen [41]. The phase mixture shows an
intermediate exponent ∼1.7 in AE. The errors in the exponents
determined from calorimetric measurements are large and
discrimination of different exponents is less clear. In fact, heat
flux measurements render in general slightly larger exponents
than AE measurements. In our case the discrepancies between
calorimetric and AE determination of the exponents seem to
be a consequence of a relatively bad statistics in the case of
calorimetric measurements. It is worth noting that the number
of detected signals is at least one order of magnitude larger
in the case of AE measurements. Nevertheless, we should not
ignore the fact that AE and calorimetric techniques enable
avalanche detection in very different energy intervals. The fact

that the obtained exponents are so similar reinforces the idea
of scale invariance of the avalanche process.

An interesting issue to be discussed in some more detail is
the different energy exponents estimated for the β ↔ 18R and
β ↔ 2H transitions. It has been suggested that these exponents
depend essentially on variant multiplicity, which is given by
the number of equivalent structural domains that can occur
at the transitions. That is, on the ratio between the symmetry
operations in the parent and martensitic phases. From this
perspective, systems with different variant multiplicity should
belong to different universality classes. The idea behind this
point of view is that by increasing variant multiplicity, the
system is able to find more paths connecting high and low
symmetry phases. Thus, as variant multiplicity increases the
probability of large events should decrease compared with the
probability of small ones, which should give rise to a larger
critical exponent. The variant multiplicity is 6 for the β →
2H and 12 for the β → 18R transition. This coincides with a
change of energy exponents from ε = 1.5 (β ↔ 2H ) to ε = 2
(β ↔ 18R) so that an increase in the multiplicity also leads to
an increase of the exponent.

The increase of multiplicity has another effect; it can
increase the smoothness of the transition. If the geometrical
transformation occurs using a greater number of intermediate
stepping stones it can occur with fewer or no avalanches on
a local stage. In Cu-Al-Ni we find that the majority β ↔
18R transformation is much smoother than the β ↔ 2H

transformation although the latter involves only a very small
fraction of the sample.

A simple model has recently been proposed based on
branching random processes to deal with the change of
critical exponent with variant multiplicity [42]. The model
assumes that the martensitic microstructure evolves by means
of the successive growth of thin martensitic plates, which
can propagate in given directions, which correspond to
habit planes, until they encounter an existing plate. An AE
event (avalanche) is associated with the formation of each
plate. The number of directions determines variant multi-
plicity. The model reproduces scale invariance of avalanches
during the martensitic transitions and show that the crit-
ical exponent characterizing the avalanche size distribu-
tion decreases with variant multiplicity (growth directions)
increases.

Finally, we conclude that avalanche criticality in martensitic
transitions is largely determined by the symmetry change at the
transition and is independent of details such as the existence
of internal stresses that may influence the transition path.
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[21] E. Obradó, L. Mañosa, and A. Planes, Phys. Rev. B 56, 20

(1997).

[22] J. VanHumbeeck, D. Van Hulle, L. Delaey, J. Ortı́n, C. Seguı́,
and V. Torra, Trans. Jpn. Inst. Met. 28, 383 (1987).

[23] C. M. Friend, J. Ortı́n, A. Planes, L. Mañosa, and M. Yoshikawa,
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[40] E. Bonnot, E. Vives, L. Mañosa, A. Planes, and R. Romero,

Phys. Rev. B 78, 094104 (2008).
[41] J. T. Uhl, S. Pathak, D. Schorlemmer, X. Liu, R. Swindeman,

B. A. W. Brinkman, M. LeBlanc, G. Tsekenis, N. Friedman,
R. Behringer, D. Denisov, P. Schall, X. Gu, W. J. Wright, T.
Hufnage, A. Jennings, J. R. Greer, P. K. Liaw, T. Becker, G.
Dresen, and K. A. Dahmen, Sci. Rep. 5, 16493 (2015).

[42] J. C. Ball, P. Cesana, and B. Hambly, MATEC Web of
Conferences 33, 02008 (2015).

024102-8

http://dx.doi.org/10.1103/PhysRevB.69.064101
http://dx.doi.org/10.1103/PhysRevB.69.064101
http://dx.doi.org/10.1103/PhysRevB.69.064101
http://dx.doi.org/10.1103/PhysRevB.69.064101
http://dx.doi.org/10.1103/PhysRevB.83.104109
http://dx.doi.org/10.1103/PhysRevB.83.104109
http://dx.doi.org/10.1103/PhysRevB.83.104109
http://dx.doi.org/10.1103/PhysRevB.83.104109
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133838
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133838
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133838
http://dx.doi.org/10.1146/annurev-conmatphys-031113-133838
http://dx.doi.org/10.1103/PhysRevLett.101.230601
http://dx.doi.org/10.1103/PhysRevLett.101.230601
http://dx.doi.org/10.1103/PhysRevLett.101.230601
http://dx.doi.org/10.1103/PhysRevLett.101.230601
http://dx.doi.org/10.1103/PhysRevB.80.180101
http://dx.doi.org/10.1103/PhysRevB.80.180101
http://dx.doi.org/10.1103/PhysRevB.80.180101
http://dx.doi.org/10.1103/PhysRevB.80.180101
http://dx.doi.org/10.1063/1.4873520
http://dx.doi.org/10.1063/1.4873520
http://dx.doi.org/10.1063/1.4873520
http://dx.doi.org/10.1063/1.4873520
http://dx.doi.org/10.1016/j.jallcom.2011.10.082
http://dx.doi.org/10.1016/j.jallcom.2011.10.082
http://dx.doi.org/10.1016/j.jallcom.2011.10.082
http://dx.doi.org/10.1016/j.jallcom.2011.10.082
http://dx.doi.org/10.1063/1.4934694
http://dx.doi.org/10.1063/1.4934694
http://dx.doi.org/10.1063/1.4934694
http://dx.doi.org/10.1063/1.4934694
http://dx.doi.org/10.1002/pssa.2210660237
http://dx.doi.org/10.1002/pssa.2210660237
http://dx.doi.org/10.1002/pssa.2210660237
http://dx.doi.org/10.1002/pssa.2210660237
http://dx.doi.org/10.2320/matertrans.M2010360
http://dx.doi.org/10.2320/matertrans.M2010360
http://dx.doi.org/10.2320/matertrans.M2010360
http://dx.doi.org/10.2320/matertrans.M2010360
http://dx.doi.org/10.1080/14786435.2011.608735
http://dx.doi.org/10.1080/14786435.2011.608735
http://dx.doi.org/10.1080/14786435.2011.608735
http://dx.doi.org/10.1080/14786435.2011.608735
http://dx.doi.org/10.1016/j.jallcom.2006.02.094
http://dx.doi.org/10.1016/j.jallcom.2006.02.094
http://dx.doi.org/10.1016/j.jallcom.2006.02.094
http://dx.doi.org/10.1016/j.jallcom.2006.02.094
http://dx.doi.org/10.1016/j.tca.2012.02.007
http://dx.doi.org/10.1016/j.tca.2012.02.007
http://dx.doi.org/10.1016/j.tca.2012.02.007
http://dx.doi.org/10.1016/j.tca.2012.02.007
http://dx.doi.org/10.1016/j.actamat.2007.05.012
http://dx.doi.org/10.1016/j.actamat.2007.05.012
http://dx.doi.org/10.1016/j.actamat.2007.05.012
http://dx.doi.org/10.1016/j.actamat.2007.05.012
http://dx.doi.org/10.1016/j.actamat.2005.04.013
http://dx.doi.org/10.1016/j.actamat.2005.04.013
http://dx.doi.org/10.1016/j.actamat.2005.04.013
http://dx.doi.org/10.1016/j.actamat.2005.04.013
http://dx.doi.org/10.1088/0964-1726/19/1/015010
http://dx.doi.org/10.1088/0964-1726/19/1/015010
http://dx.doi.org/10.1088/0964-1726/19/1/015010
http://dx.doi.org/10.1088/0964-1726/19/1/015010
http://dx.doi.org/10.1016/0079-6425(78)90001-4
http://dx.doi.org/10.1016/0079-6425(78)90001-4
http://dx.doi.org/10.1016/0079-6425(78)90001-4
http://dx.doi.org/10.1016/0079-6425(78)90001-4
http://dx.doi.org/10.1016/S0081-1947(01)80005-9
http://dx.doi.org/10.1016/S0081-1947(01)80005-9
http://dx.doi.org/10.1016/S0081-1947(01)80005-9
http://dx.doi.org/10.1016/S0081-1947(01)80005-9
http://dx.doi.org/10.1103/PhysRevB.56.20
http://dx.doi.org/10.1103/PhysRevB.56.20
http://dx.doi.org/10.1103/PhysRevB.56.20
http://dx.doi.org/10.1103/PhysRevB.56.20
http://dx.doi.org/10.2320/matertrans1960.28.383
http://dx.doi.org/10.2320/matertrans1960.28.383
http://dx.doi.org/10.2320/matertrans1960.28.383
http://dx.doi.org/10.2320/matertrans1960.28.383
http://dx.doi.org/10.1016/0956-716X(90)90520-Q
http://dx.doi.org/10.1016/0956-716X(90)90520-Q
http://dx.doi.org/10.1016/0956-716X(90)90520-Q
http://dx.doi.org/10.1016/0956-716X(90)90520-Q
http://dx.doi.org/10.1016/S0921-5093(99)00302-0
http://dx.doi.org/10.1016/S0921-5093(99)00302-0
http://dx.doi.org/10.1016/S0921-5093(99)00302-0
http://dx.doi.org/10.1016/S0921-5093(99)00302-0
http://dx.doi.org/10.1016/0001-6160(79)90011-7
http://dx.doi.org/10.1016/0001-6160(79)90011-7
http://dx.doi.org/10.1016/0001-6160(79)90011-7
http://dx.doi.org/10.1016/0001-6160(79)90011-7
http://dx.doi.org/10.1146/annurev-matsci-070511-155022
http://dx.doi.org/10.1146/annurev-matsci-070511-155022
http://dx.doi.org/10.1146/annurev-matsci-070511-155022
http://dx.doi.org/10.1146/annurev-matsci-070511-155022
http://dx.doi.org/10.1103/PhysRevLett.87.195701
http://dx.doi.org/10.1103/PhysRevLett.87.195701
http://dx.doi.org/10.1103/PhysRevLett.87.195701
http://dx.doi.org/10.1103/PhysRevLett.87.195701
http://dx.doi.org/10.1063/1.1146100
http://dx.doi.org/10.1063/1.1146100
http://dx.doi.org/10.1063/1.1146100
http://dx.doi.org/10.1063/1.1146100
http://dx.doi.org/10.1016/S0040-6031(99)00300-7
http://dx.doi.org/10.1016/S0040-6031(99)00300-7
http://dx.doi.org/10.1016/S0040-6031(99)00300-7
http://dx.doi.org/10.1016/S0040-6031(99)00300-7
http://dx.doi.org/10.1063/1.2140494
http://dx.doi.org/10.1063/1.2140494
http://dx.doi.org/10.1063/1.2140494
http://dx.doi.org/10.1063/1.2140494
http://dx.doi.org/10.2138/am.2007.2568
http://dx.doi.org/10.2138/am.2007.2568
http://dx.doi.org/10.2138/am.2007.2568
http://dx.doi.org/10.2138/am.2007.2568
http://dx.doi.org/10.1080/01418619208201533
http://dx.doi.org/10.1080/01418619208201533
http://dx.doi.org/10.1080/01418619208201533
http://dx.doi.org/10.1080/01418619208201533
http://dx.doi.org/10.1140/epjb/e2007-00219-y
http://dx.doi.org/10.1140/epjb/e2007-00219-y
http://dx.doi.org/10.1140/epjb/e2007-00219-y
http://dx.doi.org/10.1140/epjb/e2007-00219-y
http://dx.doi.org/10.1103/PhysRevB.90.064103
http://dx.doi.org/10.1103/PhysRevB.90.064103
http://dx.doi.org/10.1103/PhysRevB.90.064103
http://dx.doi.org/10.1103/PhysRevB.90.064103
http://dx.doi.org/10.1103/PhysRevB.80.134114
http://dx.doi.org/10.1103/PhysRevB.80.134114
http://dx.doi.org/10.1103/PhysRevB.80.134114
http://dx.doi.org/10.1103/PhysRevB.80.134114
http://dx.doi.org/10.1080/00018732.2014.974304
http://dx.doi.org/10.1080/00018732.2014.974304
http://dx.doi.org/10.1080/00018732.2014.974304
http://dx.doi.org/10.1080/00018732.2014.974304
http://dx.doi.org/10.1103/PhysRevB.80.094110
http://dx.doi.org/10.1103/PhysRevB.80.094110
http://dx.doi.org/10.1103/PhysRevB.80.094110
http://dx.doi.org/10.1103/PhysRevB.80.094110
http://dx.doi.org/10.1103/PhysRevB.61.946
http://dx.doi.org/10.1103/PhysRevB.61.946
http://dx.doi.org/10.1103/PhysRevB.61.946
http://dx.doi.org/10.1103/PhysRevB.61.946
http://dx.doi.org/10.1103/PhysRevB.78.094104
http://dx.doi.org/10.1103/PhysRevB.78.094104
http://dx.doi.org/10.1103/PhysRevB.78.094104
http://dx.doi.org/10.1103/PhysRevB.78.094104
http://dx.doi.org/10.1038/srep16493
http://dx.doi.org/10.1038/srep16493
http://dx.doi.org/10.1038/srep16493
http://dx.doi.org/10.1038/srep16493
http://dx.doi.org/10.1051/matecconf/20153302008
http://dx.doi.org/10.1051/matecconf/20153302008
http://dx.doi.org/10.1051/matecconf/20153302008
http://dx.doi.org/10.1051/matecconf/20153302008



