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Kinetics of martensitic transitions in Cu-Al-Mn under thermal cycling:
Analysis at multiple length scales
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In this paper we study the evolution of the kinetic features of the martensitic transition in a Cu-Al-Mn single
crystal under thermal cycling. The use of several experimental techniques including optical microscopy, calo-
rimetry, and acoustic emission, has enabled us to perform an analysis at multiple scales. In particular, we have
focused on the analysis of avalanche eveassociated with the nucleation and growth of martensitic do-
maing, which occur during the transition. There are significant differences between the kinetics at large and
small length scales. On the one hand, at small length scales, small avalanche events tend to sum to give new
larger events in subsequent loops. On the other hand, at large length scales the large domains tend to split into
smaller ones on thermal cycling. We suggest that such different behavior is the necessary ingredient that leads
the system to the final critical state corresponding to a power-law distribution of avalanches.

DOI: 10.1103/PhysRevB.69.064101 PACS nunider64.60.My, 81.30.Kf

[. INTRODUCTION derstand the formation of the polyvariant structures in these
types of materials.

Many different systems undergoing a first-order phase In elastic systems, the physical cause of long-range inter-
transition need to be driven by an external field for the tran-actions is the coherency strain between the parent and mar-
sition to occur. The process usually takes place through tensitic phaseSwhich can be conveniently expressed taking
sequence of discontinuous steps or avalanches of the ordito account the coupling between the strain tensor compo-
parameter, which reflect the fact that the system jumps fronfients resulting from elastic compatibility constraifitdore-
one metastable free energy minimum towards another minover, it has recently been shown that competition between
mum with an associated energy dissipation and is responsibigteractions at diﬁgrent length scales is the relevant i_ngredi—
for the hysteresis observed in these transitions. Typically, th€Nt for the formation of a metastable mesostructti®is-

metastable minima are separated by very high or even grrder is, however, important for the nucleation of the product

verging energy barriers and, therefore, the transition kinetic%hase and thus in determining the specific path followed by

- ; ; . . the system at the transformation.
is not dominated by thermal fluctuations. The configuration ) : . .
y 9 An interesting feature regarding AE is the power-law be-

of metastable. minima determ!nes a complex-free-energ%avior of the distribution of amplitudes and duration of the
landscape which is at the origin of the properties of these mitted acoustic signals. This behavior, which is only ob-

systems: the noisy nature of the response to the driving fiel erved in systems that have been thermally cycled through

and mesoscale phf':lse sep.aratlon refllected in a po'y"af,'a{ﬁe transitior?, has been related to the fact that the transition
structure: Martensitic materials are typical examples of this proceeds without characteristic time and length scales and is

type of systems. In these materials avalanches are related {ig, prototypical signature of criticality. This feature is ex-
sudden changes in the local strain field. These changes gi\ﬁﬁected to be a consequence of a combined effect of the
rise to acoustic emissiofAE) waves in the range from kHz  amount and distribution of disorder and of the long-range
to MHz, characteristic of martensitic transitich$he study  interactions that determine the suitable free-energy landscape
of these transient acoustic waves is of great interest sincg enable criticality. Why such a situation is reached after a
they provide relevant information related to the relaxationcertain number of cycles through the transition is still not
kinetics from one metastable state to another. It is worttwell understood. The study of this problem is the main goal
noting that the AE in martensiti@lastig systems is the ana- of the present paper.

log of Barkhausen noise in magnetic materials, which is as- The study of cycling has been the aim of a large number
sociated with sudden changes of the local magnetizatiorof works published in the pal. These papers essentially
Furthermore, the phenomenology is typical of a broad clasfocused on the effect of cycling on transition temperatures
of systems characterized by a complex free-energy landscapnce reproducibility of thermodynamic properties through
with many metastable local minima, a consequence of theycling is required in order to ensure high efficiency in en-
existence of disorder and also of long-ran@misotropi¢  gineering shape-memory applications. Actually cycling is ex-
interactions which are operative during the transition. Bejpected to change both the amount and the properties of dis-
sides magnetic and elastic systems, other examples aoeder in the system. For instance, it is known that thermal
ferroelectrics, superconductord.etc. The long-range inter- cycling results in the creation of crystal defects such as
actions are the essential feature which are necessary to udislocations:'*> Any modification in the amount of disorder
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FIG. 1. Micrographs of sample AM3 taken in the martensitic statd,=aR20 K, after the 1st, 2nd, 9th, and 24th cooling runs. Below
each micrograph we show the result of a digital analysis enhancing the boundaries between the different variants.

should be reflected on the characteristics of the AE generated For optical microscopy, calorimetry and AE experiments,
during the transition. slices were cut from the original rod using a low-speed dia-
In the present paper we have studied the evolution of thenond saw. Typical dimensions of the slices were 2-mm thick
martensitic transition of a Cu-Al-Mn single crystal under and 4-mm diameter. In the present paper, the different slices
thermal cycling. We have combined several experimentalyill be denoted by a number that indicates the order in which
techniques in order to analyze the behavior at differenthey were cut, starting from one end of the rod. To remove
length scales. stresses generated during cutting, all the slices were sub-

(i) Calorimetric measurements provide a description Ofigcted to a further homogenization at 1073 K for 30 min and
the integrated behavior at a macroscopic scale. In particulafyan, |eft to cool down in air to room temperature. All the

we have measured the evolution with cycling of the transi-qympjes were then annealed at room temperature for about

tion temperatures, latent heat, entropy change, and dissipatg@ n, in order to be sure that all reordering processes were

energy. _ _ _ finished, and that the vacancy concentration reached its equi-
(i) Optical microscopy is adequate to characterize thginriym value!® The composition of all slices was checked
polyvariant structure after each transformation cycle atoy energy dispersive x-ray analysis systdBDAX). Devia-

Ieng_’gh scales ranging from cm jom. tions from the average value Cu 71.7 at. %, Al 20.1 at. %,
(iii ) The detection of AE signals enables one to charactersnq Mn 8.2 at. % were less than 0.5 at. %.

iz:_a avalanche events over a broad range of time scales, from Samples for optical microscopy were first mechanically
microseconds to seconds. polished with fine grinding paper, followed by final polishing
with 3-um diamond powder. Optical observations were per-
IIl. EXPERIMENTAL DETAILS formed using an optical microscope equipped with a charge-
The sample used in the present study was a Cu_Al_Mr{:ogpled—device video camera and a heating/cooling stage,
single crystal which is a prototypical shape-memory aIon.Wh'Ch enabled the transformation of the samples to be moni-

The master alloy from which the crystal was grown, wastored in situ. Typical heating/cooling rates werer
prepared by adding appropriate quantities of 99.99% pure 10 K/min.

Cu, Al, and Mn. The crystal was grown by the Bridgman Calorimetric experiments were performed using a high-
technique in a quarz crucible in vacuum. It was homogenizegensitive differential scanning calorimeter, specifically de-
at 1073 K for about 48 h, and then left to cool down in air to Signed for the study of solid-solid phase transitiohypical
room temperature. This heat treatment ensures that a metheating/cooling rates were aboli 0.5 K/min.

stable 8 phase(ordered-bcgis obtained at room tempera-  AE signals were recorded during heating and cooling
ture. On further cooling, a martensitic transition is observedamps at rates of 0.1 K/min. We used a piezoelectric trans-
to a 2H structure. ducer working in a band centered at 1 MHz, acoustically
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FIG. 2. Thermograms$a) and hysteresis loop&) for selected
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FIG. 3. (a) Dissipated energyh) entropy change, ang) mar-
tensite starting temperature as a function of cycling, for sample
AM2. In (c), the values obtained from optical microscopy in
samples AM3(solid triangle$ and AM4 (open trianglesare also
shown.

cycles through the forward and reverse martensitic transitions of

sample AM2.

coupled to the surface of the sample. After being amplifiedF.
(gain of 62 dB the AE signal was processed simultaneously !

by two different methods. On the one hand, bursts with am
plitudes exceeding a fixed threshold were stored using a dig
tizing oscilloscope which is capable of recording* 18E
pulses(1000 points per signal at 1 Mblzluring the marten-

sitic transition. On the other hand, the signal was input into a

ring-down frequencymeter which renders the count idte
=dN/dt (the number of signals recorded during a time in-
tervalAt=1 s). Notice that this parameter gives information
of integrated measurements on a long time scale.

Ill. EXPERIMENTAL RESULTS

A. Optical microscopy

Several samples were subjected to repeated cyclin
through the martensitic transitioffrom room temperature
down to 220 K. During cycling, the evolution of the surface
of the samples was record&iThe following qualitative in-
formation can be extracted from the analysis of the record
ings.

(i) The kinetics of the transformation were different for

each sample. Furthermore, the final microstructure was dif-

ferent.
(i) Although they had different kinetics, the samples ex-

hibited the same tendency towards a reproducible transition

structure became similar from one cycle to the next. This
final reproducible pattern differs from one sample to another.
As a typical example of the behavior described above,
g. 1 illustrates the evolution of the microstructure corre-
sponding to sample AM3. Above we show the pictures of the

{_mal microstructure(at 220 K) observed after the 1st, 2nd,
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on cylcing. That is, for the first cycles, both the kinetics and

microstructure of one cycle were not similar to the previous

FIG. 4. Counting ratelN/dT as a function of temperature for

cycle, but upon repeated cycling, the kinetics and micro+he first, second, and ninth cooling runs of sample AM6.
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9th, and 24th cycles. Below, we present the pictures resulting osf ~ ~ ~ "~ — v T T T ]
from a digital analysis. The boundaries between different

variants are more clearly seen. The number of martensitic

variants increases during the first few cycles, and evolves

towards a reproducible pattern.

It is worth remarking that it is difficult to obtain system-
atic results from the optical microscopy measurements. In
particular we observed that when the sample is able to find a
transforming path ending in an almost single variant marten-
site, such a path has a tendency to become more reproducible
in further cycles. Nevertheless, the confirmation of this ten-
dency would require a systematic study of a large number of .
samples, since such a final single variant martensite is ob- 0 P 4 6 g 10
tained with very low probability. n

p nntl

FIG. 5. Correlation function between the reduced AE activity of

consecutive cycles, as a function of cycle number, for sample AM6.
B. Calorimetric results ) L. .
Figure 3a) shows the dissipated energy as a function of the

The effect of thermal cycling on sample AM2 was studied nymper of cycles. A clear decrease is observed upon repeated
by calorimetry. Figure @) shows the thermal curvégher-  cycling. The evolution ofAS (averaged over heating and

mograms recorded during cooling and heating runs for cooling rung as a function of cycling is shown in Fig(I3.
cycles 1, 2, 10, and 24. There is a clear evolution of thea significant decrease is also observed for the first cycles.
shape o_f the_ thermograms under cycling which reflects thqgjpon thermal cycling botfEy;<s andAS tend to a constant
change in microstructure. N ~ value. Figure &) shows the evolution of the martensitic
The entropy changeX(S) at the martensitic transition is  starting temperaturédetermined from the thermogramsis
obtained from the thermograms, after a proper correction function of cycle number, for sample AM2. We have also

from the baseline, as included the values determined from optical microscopy in
samples AM3 and AM4 and from AE in sample AM6. In the
AS— fol d—QdT 1) early stages of cyclingMg increases with the number of
7, TdT cycles for all samples, and reaches a constant value at about

eight to ten cycles. It is worth remarking that although the
whereT; is a temperature abov®elow) the starting transi- microstructure of all samples is different, this increasing be-
tion temperature on coolindneating andT; is a temperature havior exhibited by the transition temperature is sample in-
below (above the finishing transition temperature on cooling dependent, thus showing that this is a general phenomenon
(heating. It is also possible to compute the transformed frac-associated with thermal cycling.

tion x as
C. Acoustic emission results
X(T)= LJTE d—QdT 2 The effect of thermal cycling on the AE generated during
AS)+, T dT ’ the martensitic transition was investigated for two different

approaches in sample AM@t) analyzing the counting rate
which enables one to obtain the hysteresis loops. In K. 2 changes andii) examining the evolution in the distribution
we present these loops for cycles 1, 2, 10, and 24. As thef amplitudes of AE signals.
number of cycles increases, the loop becomes less sharper, Figure 4 shows the reduced AE count rafe(t)
and the area enclosed within the loop diminishes. It is worth_ gnygT= N/T] recorded during cooling runs for cyclegd),
noting that this area is related to the energy dissipated in a (b), and 9(c). The pattern differs significantly from one
complete loop as cycle to the other. A quantitative evaluation of the similarity

in the AE pattern is achieved by computing the correlation

Eye=AS § xdT. 3) I:l;rélcéisg Sl’Jetween the reduced AE activity of two consecutive

T

f (T ey (T)AT— J

Pnn+1~— I > I >
\/[forﬁ(T)dT—(forn(T)dT> HF‘rﬁH(T)dT—(form(T)dT) }
T Ti Ti Ti
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FIG. 6. Histogram corresponding to the distribution of ampli-  FIG. 8. The exponenk (a) and the factoi (b) obtained for
tudes of AE signals recorded during the 27th cooling run of sampleooling runs of sample AM6 as a function of the cycle number. The
AMS3. The continuous line shows the fitted function defined in Eq.values obtained in the 13th cycle of sample Aki#lamond and the

(5) with A= —18 anda=2.27. 27th cycle of sample AM3triangle are also shown.

wherer ,(T)=(N/T),(T) for cooling corresponding to the exp(— ANA)A~®

nth cycle. The value of this function quantifies how much the p(A)= , (5)
reduced acoustic activity as a function of temperature in the fAmaxexp(—)\A)A’“

nth cycle resembles that of thea{1)th. Whenr, is very Amin

similar tor, 1, pnn+1 IS close to unity.

The correlation function between threh and (i+1)th  whereA is the amplitude of the AE signal. The parameter
transformation versus the cycle numineis presented in Fig. measures the deviation from the power-law behavior. ¥or
5. A clear increase in the correlation is observed with cycling=0, the distribution is a pure power law, while it is subcriti-
which indicates that the transition becomes progressivelgal for A\>0 and supercritical foh<0. A,j;=8X10"° V
more reproducible. Although the value pf . is still far ~ and A,,,,=10 2 V are the limits of the experimental win-
from p, n+1=1, the clear tendency to increase indicates thatiow imposed by the detection setup.
after a large number of cycles the pattern will become repro- We have estimated the exponantand the parametex
ducible. using the maximum likelihood methdd.This method is the

From the study of the individual AE signals recorded on amost reliable one since it does not involve the computation
digitizing oscilloscope, it is possible to perform a statistical of histograms, which normally depend on the binning choice.
analysis of the distribution of amplitudes. An example of the In Fig. 6 we present the results obtained from the analysis
AE amplitude distribution obtained for the 27th cooling run of a set of~7x 10° signals corresponding to cycle 27 of the
in sample AM3 is shown in Fig. 6. It has been establiSt&d sample AM3. We present a normalized histogram and the fit
that for martensitic transitions, the AE amplitude distribu- (continuous ling¢ of Eq. (5). In this case the AE avalanche
tions can be analyzed using the following probability distri- distribution is almost power law witlx=2.26+0.03 and a
bution with two free parameters\ (and «): value of A which is compatible witth=0. This result is in

1:"| v L A R | ]

10
100008 0.1} |
i - ;
1000§ E/
100;
: 0.01} .
1050001 0,001 I
A V) N N e
10* 10
FIG. 7. Distribution of amplitudes of the AE signals recorded ANV)

during the first, second, and ninth cooling runs of sample AM6.

Symbols correspond to the height of the histogram bins and lines FIG. 9. Cumulative distribution of amplitudes of the AE signals
stand for the fitted functions. The distributions corresponding to recorded during the first, second, and niiifom top to bottom
=2 andn=9 have been shifted upwards for clarity. cooling runs of sample AM6.
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good agreement with the results previously publi¢hedr- 10 T AM6 T (a)
responding to samples with a large number of cycles and o, NS
which transform to the same martensitic structure. 10°F n=1]
Figure 7 shows the fits of the distributions corresponding :
to cycles 1, 2, and 9 of the sample AM6. The comparison of 107k E
the different plots reveals that during the first loops there is 10°L ]
an evolution of the distribution of avalanches. ]
Figure 8 shows the actual evolution of the fitted exponent 107 o ' ' (b)?
a and the parametex with cycling. The values for the £ e
highly cycled samples AM4 and AM3 are also shown. On o 107 =z
thermal cycling, the exponent decreases towards a stable S
value, and the factox tends to zero. % 107 3
This evolution is more clearly seen by plotting the cumu- T 10°L mm ]
lative distribution functionP(A), defined as the ratio be- m—— ,
tween the number of signals with amplitude greater tAan 10°F ' ' (c)?
over the total number of recorded signéier half loop. The F T o]
change ofP(A) with cycling is plotted in Fig. 9. It is clear 10°F =
that the relative number of signals with a large amplitude 0k ]
increases with cycling compared with the number of signals ;
with a small amplitude. 10°L h
Mm . L
10° 10° 107 10°
IV. DISCUSSION a’N/dT(K'l)

In the present paper we have studied the influence of ther- FIG. 10. Histograms corresponding to the peak height distribu-
mal cycling on the martensitic transition of a Cu-Al-Mn tion of the AE counting rate curves of Fig. 4 for cycles-1, n
shape-memory alloy. A significant evolution in the kinetics =2, andn=9.
of the transformation has been found during thermal cycling.

Such an evolution can be understood as a learning processdéycles. A more quantitative proof of this result can be
which the system seeks an optimal path in the space of inachieved by performing an analysis of the distribution of the
ternal variables of the system that connects the parent arfteight of the peaks in the counting rate. A statistical analysis
martensitic phases. This optimal path tends to avoid highef the height of the different peaks ¢N/d T (see Fig. 4 can

energy barriers which separate local metastable states. e performed by defining a proper threshéidhckgroungl

such a way, increasing thermal cycling reduces metastabilityThe histograms resulting from this analysis are shown in Fig.
Clear evidence of this effect is the reduction of the dissipated0. The comparison of the histograms corresponding to dif-
energy as shown in Fig.(8). After the learning period, a ferent cycles reveals that large peaks tend to split into
stationary state is reached for which the dissipated energy ismaller ones. A similar analysis can be performed on the
a minimum according to Prigogine’s theoréfhand at this thermograms in Fig. 2, rendering similar qualitative results.
point the transition is much more reproducible from cycle toThe tendency for the histograms in Fig. 10 to become a
cycle. power law with cycling should again be pointed out. The

From the small-scale analysis of the distribution of AE fitted exponent is 2 0.4. The numerical value is very close
signals, it is seen that the relative number of small avaio that found from the small-scale analysis of AE signals. At
lanches decreases with respect to the number of larger avpresent we cannot give an explanation for such a coinci-
lanches. This is reflected by the decrease of the expamnent dence, since we cannot foresee any direct relationgip
during the first thermal cycle$ig. 8), and also in the cumu- portionality) between the two different physical quantities
lative distribution in Fig. 9. This behavior has been observedneasured.
in all the studied samples. Moreover, the tendency for the This tendency for the large variants to split into smaller
distribution of avalanches to evolve towards a power lawones also explains the increase of the transition temperature
should be pointed out, as is revealed by the evolution of  with cycling shown in Fig. &). Note thatM is measured by
Fig. 8(b). The stationary value at is in agreement with the either calorimetry or AE ring down counting as the tempera-
previous estimatiort§ for alloys transforming to the B  ture at which the first event is resolved. If the transition path
structure, thus supporting the idea of “universality” for this splits into a larger number of steps, it is more likely to detect
a exponent after the “learning” period. events at higher temperaturesith a lower degree of meta-

In contrast, the macroscopic measurements suggest thstiability) on cooling.
thermal cycling favors the rupture of large variants into The combination of the opposing behavior found at mi-
smaller ones. This effect is seen by both optical microscopygroscopic and macroscopic scales seems to be responsible for
and by the evolution of the thermograrttSg. 2) and count- the final power-law distribution of events characteristic of
ing rate (Fig. 4), which become smoother with increasing these materials. Corroboration of this point will require fur-
cycling. In general, the first loop essentially causes a singléher analysis and the development of a statistical model. We
large event that splits into many smaller events after a fevare, at present, working along these lines and the results will
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be presented in a future work. nals. They also found that the size and duration distribution
Finally, we would like to comment on the connections of these transient signals were power law. The striking fea-
between the experimental observations and related publishedre is that the size exponent agrees quite well with the sta-
theoretical approaches. First of all our results are in partiationary value reported in the present paper. Moreover, the
agreement with the behavior of the three-dimensionamodel shows that cycling evolution is mediated by strain-
random-field Ising mode(3D-RFIM) with metastable dy- strain long-range interactions. This is obtained by partial cy-
namics proposed several years ago as a prototype for theing through the transition. The essential point is that the
evolution with disorder of the hysteresis in athermalmartensite remaining in the system, when the temperature is
systems? In this model, the disorder is controlled by a sca-reversed in the heating process, plays an essential role in
lar variables which accounts for the width of the Gaussian establishing the “memory” from one cycle to the next. Ac-
distribution of quenched local random fields. The decrease itually, the experimental situation is different. Cycles are per-
dissipation that we have demonstrated in martensitic sysdormed so that the reverse transition on heating is fully com-
tems, is also obtained in the 3D-RFIM whenincreases. pleted. In this case the memory giving rise to the learning
Moreover, the distribution of avalanches evolves from a suprocess should be associated with permanent lattice defects
percritical \ <0) towards a power lawN=0) wheno in-  created during the transition process and not with the remain-
creases towards the critical valwe . At this critical point ing martensite domains. The existence of these defects has
the distribution of avalanche sizes is characterized by an exveen extensively reported by several authdfs. In Cu-
ponent which is supposed to be universal. Zn-Al they are mainly dislocations with Burgers’ vector
Second, our results are also in agreement with those realong(100) direction, which are known to act as nucleation
ported more recently from a model for the AE generatedsites and therefore fix the transition path that the system will
during martensitic transitions proposed by Ananthakrishndollow on subsequent cycles. As regards this point we have
and collaboratord®?' They proposed a 2D model based on achecked that all the observed memory effects with cycling in
free-energy functional which incorporaté$ an anisotropic Cu-Al-Mn are erased by means of a high-temperature
effective long-range term compatible with the symmetry of(~1000 K) heat treatment.
the system that describes the strain-strain interaction(iand
an inhomogeneous stress field with a Gaussian distribution
which is adequate to mimic the nucleation of the martensitic
phase in the vicinity of lattice defects. The long-range termis The authors acknowledge Dr. Avadh Saxena for a critical
included following the procedure proposed in, Ref. 22 butreading of the manuscript. This work has received financial
without properly taking into account elastic compatibility support from CICyT (Project No. MAT2001-3251 and
constraints. Dissipation is included by means of a RayleigidURSI (Project No. 2001SGRO00&6 F.J.P.-R. acknowl-
dissipative functional following the ideas first introduced by edges financial support from DGICyT. M.S. has received fi-
Bales and Goodin§® They state that transformation occurs nancial support from Secretarde Estado de Educacioy
through energy bursts which are identified with the AE sig-UniversidadegSpain.
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