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We present an experimental study of phase-transition avalanches during the stress-induced formation of
martensite in a Cu-Zn-Al alloy, with particular attention to the effect of cycling. We have analyzed statistically
the amplitudes, durations, and energies of the thermal events accompanying the transition, and found that these
magnitudes distribute according to power laws in the first fifty cycles, within experimental error, with expo-
nentsa=2.3+=0.2, 7=2.9+0.7, ande= 1.8+ 0.3, respectively. However, the extent of power-law behavior is
reduced by at least one decade after five hundred transition cycles, and the system is seen to become progres-
sively subcritical. We present a method of measuring the distribution of energy barriers encountered along the
transition, which in our case is found to spread over more than four orders of magnitude. Finally, we have
observed that repeated cycling leads to a statistical reproducibility of transformation trajectories, and to the
remarkable correlation between the cycle-to-cycle trajectory fluctuations and the cycle-averaged response
function of the system observed recently in magnetic sysfdn® Urbach, R.C. Madison, and J.T. Markert,
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[. INTRODUCTION driven by an external uniaxial stress. A martensitic transfor-
mation(MT) is a diffusionles<purely displacivg structural
The dynamics ofathermal first-order phase transitions, first-order phase transition exhibited by a large family of
and the related phenomena of hysteresis and avalanchesetallic alloys. This kind of transition has been thoroughly
have been subjects of increasing interest in the past yearsstudied in the past two decades by physicists and metallur-
Typically, the systems considered here display a complexgists, particularly regarding questions such as the structural
free energy landscape in configuration space, with a multiinstability leading to nucleation of martensite, the relative
plicity of metastable states. The energy barriers between corstability between the high temperature phase and different
figurations are so large that these systems are practically imrartensitic structures, and the unusual thermomechanical
sensitive to thermal fluctuatiorfhence the namatherma). properties (pseudoelasticity and shape-memothat arise
Consequently, the phase transition must be driven by an exrom the MT in some of the alloys mentioned.
ternal field, which modifies the relative height of energy In the MT, the parent phase has a higher symmetry than
minima until an energy barrier is effectively suppressed andhe product phase. Therefore, a single crystal parent phase
the system can explore a new configuration. Often this newgives rise to a multiplicity of differently oriented, symmetry
configuration, on its turn, is unstable with respect to otherelated variants of the product phase. The shape and volume
neighboring configurations that were not previously accesdifferences between the unit cells of the two lattice struc-
sible, and the result is an evolution by avalanches betweetures, along the diffusionless transformation, produces coher-
metastable states. Macroscopically, the avalanches give rismcy stresses on the products as they form, which results in a
to sudden jumps of the order parameter under smooth eveelection process for the variants of the product phase: the
lutions of the driving field. The resulting phenomenology isvariants formed are those which minimize the overall strain
very interesting: the transformation trajectorigéots of or-  energy. In noble metal based alloys, as the one studied in this
der parameter against driving fig¢ldre insensitive to the rate work, the lattice distortion is not too largéransformation
of scanning the field, but they strongly depend on previousstrain around 10%) and the stresses can be relieved by elas-
history and in many instances give rise to partial hysteresiic deformation of the two phases; the result is a topologi-
cycles displaying memory of previous return points. cally and elastically reversibl¢thermoelastit transition®
These transitions are rather common. Examples includ&levertheless, the presence of coherency stresses due to the
typical first-order phase transitions, such as ferromagnetitransformation strain, together with stresses originating from
transitions driven by an external magnetic fiéldnd diffu- quenched defect&acancies, dislocations, impuritiegjives
sionless structural phase transitidnsartensitic transforma- rise to long-lived polyvariant and parent-product arrange-
tiong) driven either by temperature or by an external stressnents of domains, separated from other possible arrange-
field.2 The same behavior has also been observed in a varietyents by large energy barriers. Hence the system must be
of other situations, such as liquid and gas adsorption by posontinuously driven externally to resume the MT at each
rous solids® the motion of charge-density wavesspin  transformation stage and carry it progressively to comple-
transitions] and cellular automata models of extended dissi-tion.
pative system$. The presence of some kind of structural disorder, such as
In this work we focus on the dynamics of the athermalcoherency stresses in the case of MT, is a generic feature of
martensitic transformatiodMT) of a single crystal alloy, systems with a rugged free energy landscape and athermal
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behavior. Structural disorder can be added to spin models @xperimental procedurésalibration of the machine and data

a first-order phase transition in the form of random fields,analysig. Our results are presented and discussed in Sec. V.
like in the random field Ising modéRFIM),! random-field ~We study the evolution of transformation trajectories with
Ising model with vacancieSRFIMV),X® and random field cycling, the corresponding modification in the distributions
Blume-Emmery-Griffiths modelRFBEG),*! or in the form  of amplitudes, durations and energies of the recorded signals,
of random bonds like in the random bond Ising modeland their power spectrum. Next, we analyze the distribution
(RBIM).}2 To study athermal transitions, these models havef €nergy barriers along the transition. Finally, we explore a
been investigated by driving them with an external magneti®0Ssible relationship between fluctuations of the order pa-
field at T=0 (thermal fluctuations neglectedBy changing 'a@meter(with repeated cyclingand dissipation in the sys-
the concentration of quenched disorder, it has been fountf™- Section VI gives the conclusions of our work.

that all the models exhibit a disorder-induced phase transi-

tion at Whiqh amplitudes and durations of avalanches _distrib- Il. THE STRESS-INDUCED MT

ute according to power laws. In addition, several scaling re-

lations have been found to hold in the critical regid,and Many copper-based alloys with electronic concentrations
it has been possible to associate universality classes to thiger atom close to the eutectoid concentratiefaE& 1.48),

kind of models'3 including the Cu-Zn-Al crystal used in the present work,

Extensive experimental work has also been carried oupresent a stable body-centered cubic structure at high tem-
recently. In magnetic materials the research has centered @eratures, callegs or parent phase. This structure can be
the statistical properties of Barkhausen noise, a direct meaetained as a metastable phase at moderate temperatures by
sure of the magnetization jumps at avalanciida.MT, cor-  means of adequate thermal treatments. Depending on com-
respondingly, experiments have focused on the statisticglosition, temperature and external stress, the parent phase
properties of acoustic emission evefE) associated with experiences a first-order diffusionless phase transition)
the release of elastic waves at avalanchie®ther experi- to a close-packed structure calléd or martensite. The
mental studies have dealt with superconducting flux fifles change in crystal structure is essentially accomplished by a
and He adsorption in Nuclepore. homogeneous shear on tfelG planes of the parent phase,

In spite of the ample research carried out, a number o&long the(110) direction. Generally speaking, thé phase is
open questions remain. An important one is the reason whgnore stable than thg phase at lower temperatures and
the systems are found close to the critical concentration olfigher tensile stresses.
disorder(as shown by the fact that avalanches distribute ac- One particular case of interest is the parent-to-martensite
cording to power laws without having carefully tuned the transformation of a single crystal, induced by application of
disorder concentration. This question has been addresses uniaxial stres& Initially, the bcc crystal responds elasti-
here for the particular case of a stress-induced MT. We studgally to the applied stress; at a critical stress level the mar-
how the statistical distribution of transformation events istensitic transformation takes place and, since the new struc-
modified, upon cycling, by an increasing number of defectdure has a different shape, the crystal is able to accommodate
acting as pinning centers of the martensite-austenite intetarge strains at nearly constant stress. When all the crystal
faces. In particular, whether the system naturally settles on has transformed into the close-packed phase, this phase re-
critical state characterized by the absence of length and timgponds again elastically to the applied stress. If the applied
scales, as observed by Vivest al!® for the thermally- stress is then reduced, below a new critical stress level the
induced MT of a Cu-Zn-Al alloy brought already to a repro- martensite phase reverses to the parent phase, and the large
ducible transformation trajectory by repetitive cycling, or it strains achieved in the phase transition are fully recovered.
tends to leave such particular state. To this purpose, we havihe overall stress-strain behaviasually called pseudoelas-
prepared a system in a well defined state, by means of &c) is highly nonlinear and hysteretic. Examples can be
particular thermal treatment, and progressively increased thieund in Ref. 3.
amount of disorder in the system by subjecting it to a large It is important to note here that most experiments on pseu-
number of transformation cycles. Cycling through the MT isdoelasticity have been carried out on screw-driven tensile
known to increase the concentration of crystalline defectsnachines which control strain instead of stress, or in servo-
(mainly dislocations during a number of cycles, up to a hydraulic machines which control stress by a feedback ad-
saturation value. Actually, the spontaneous generation of pstment of strain. This is not appropriate when dealing with
large number of dislocations with a particularly defined ori-the dynamics of the transformation in single crystals, be-
entation during thermomechanical cyclifey procedure usu- cause growth velocities at a parent/martensite interface are in
ally called training is acknowledged to be the physical ori- the range 500 to 3500 m/s, comparable to the speed of sound
gin of the shape-memory effect in the kind of materials thatin the material® and corresponding crystal strains can be as
we are considering. Then, using thermal techniques, we havarge as 0.1 to 1%. Since machines of the kind mentioned
studied the evolution of both the transformation trajectoriescannot accommodate the transformation strain nearly instan-
and the statistical distributions of avalanches with cycling. taneously, they prevent spontaneous motion of the interfaces

The paper is organized in the following way: Section Il and give rise to abrupt fluctuations in stress that are not con-
provides a general introduction to the stress-induced MTsubstantial to the phase transition. The right way to ensure
with emphasis on the alloy used in the present research antlat the stress field in the crystal follows the applied external
the requirements imposed on the tensile machine. Section IHtress is to use ainfinitely softmachine that applies a dead
presents the experimental set(ipading machine, electron- load to the specimen and allows for free accommodation of
ics, sample used, and thermal treatmeand Sec. IV the the new shape. In addition, it is important to recall that the
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A tery into a proportional dc voltage. In our setup, the tensile

Load cell portion of the sample is sandwiched between the two ther-
—— mobatteries, and the outer faces of the thermobatteries are

Multimeters thermally connected to a copper block. A thermally conduct-

—°° Sample ing paste is used to improve the thermal contact. The en-
o0 / N\ semble(grips, transducers and sampie wrapped in plastic
55 1o to minimize external thermal disturbances. A second multi-
— )EQE meter HP 3441A, working now at a resolution afl xV,
GPIB Detectors /

reads the dc signal from the thermobatteries at a sampling
rate of 21.066:0.001 Hz. The readings of both multimeters

el

Data acquisition

are sent through an IEEE-488 interface bus to a PC, where
they are stored for future analysis.

The sample used is a single crystal of nominal composi-
tion Cu—19.4Zn-13.1Al(at. %9, corresponding to an elec-
tronic concentratiore/a=1.46. The crystal has been spark-
machined to the form of a flat tensile specimen, of thickness
0.81 mm, whose shape and dimensions are shown in Fig. 1.

The stress-induced phase transition is restricted to the region
Water [———— 1] — of smallest cross sectiofin the center of the specimgn
__________ since applied stresses are much higher there than in the rest
of the specimen.

FIG. 1. Schematic view of the experimental setup, and specimen 10 start cycling from a well defined austenitic state, the
dimensions. sample has been subjected to an initial thermal treatment
consisting of annealing in thd phase for 20 min at 850 °C

structural change is essentially a homogeneous shear th&@llowed by quenching in water at room temperature. This
unavoidably, produces a lateral displacement of the tensilermal treatment is suitable to remove any memory of the
axis. The machine must be designed also to allow for thigrevious thermomechanical history of the sample and to re-
displacement. Both requirements have been taken into aé@in the 3 phase as a metastable phase at room temperature
count to build the loading machine used in the present invesdn the absence of applied lopdith a relatively low con-

tigation, described in the next section. centration of quenched-in defects. o
The MT is induced by application of an uniaxial load at

room temperature. Martensite is observed to nucleate in the
lIl. EXPERIMENTAL SETUP form of very thin plates, typically at one edge of the speci-

Figure 1 shows a scheme of the machine employed. ThEen, and quickly grow up to the whole width of the crystal
tensile sample is attached to the machine by means of twii9- 2. The growth direction of the martensitic variant se-
grips. The upper grip is screwed to a load cell hanging frorﬂe?ted forms an angl_e of 58.5° with the direction of the ap-
the laboratory ceiling; the lower grip carries a water tank thaplied load. After cycling through the MT for more than 500
plays the role of an applied dead load. The load can be inlimes, the crystal does not.show_any sign of structural dam-
creased or decreased by supplying or removing water frordd€ at the scale of the optical microscope.
the tank, using a low flow pump. Typical flow rates are low,
about 2.5 crifs, to make sure that the crystal is carried qua-
sistatically through the transitiaime., the applied stress does
not change appreciably in a transformation eyeahd to To perform a static calibration of the apparatus, the actual
allow for dissipation of the transformation latent heat tosample has been replaced by a pure copper sample of similar
avoid changes in the temperature of the sample. A completdimensions, which carries inside its tensile part a heating
run starts always from a load of 0.00 N, in the bcc phase, andesistor(69()) made of silk-insulated constantan wire. A con-
goes up to a maximum load of 150.00 N, at which the wholestant thermal power dissipated in the copper sample gives
tensile part of the sample is transformed to martensite. Mearise to a steady heat flow from sample to transducers, once
surements are recorded in an overall interval of about 10 Nl transients disappear. On its turn, the steady heat flow
beginning at the detectable onset of the phase transition. results in a constant voltage output of the thermobatteries.

The parameters measured are the applied l@atkrnal The static calibration consists on determining the relation
driving) and the thermal power released in the NEystem between the thermal power released and the corresponding
responsg The applied load is monitored by a load cell at- constant voltage output in the steady state. Our results show
tached to the upper end of the specimen, which provides that in the range of thermal powers explored, between 0.03
linear signal of 0.045 mV/N in the range from 0 to 6670 N. mW and 0.88 mW, the dependence is linear and given by
This signal is read every 20 s by a multimeter HP 3441A,P=3.574%+0.01, whereP is the thermal power in mwW
working at a resolution of=0.1 xV. Thermal power pulses andV is the voltage output in mV.
from the specimen are detected by two Peltier thermobatter- A first order approach to the dynamic response of the
ies, each one comprising 66 junctions in a useful area oéxperimental apparatus is given by the main time constant of
11.4<9.0 mnt, connected in series. A Peltier thermobatterythe transducers response to an impulsional thermal power
transforms a temperature gradient perpendicular to the batlissipation. This time constant can be determined by a least-

71.4mm

Low flow pump

IV. EXPERIMENTAL PROCEDURE
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FIG. 3. Piece of recorded signdbp), and the same signal after
having filtered the main time constant of the experimental device
(bottom.

of the voltage signal remains below 0.002 mV in absolute
value.
Where necessary, the filtered voltage sigWalin mV)
Y has been converted into a thermal power sighalin mw)
gl i using the static calibration of the apparatus, and the time
1=114.0— 1124 —8384 N scalet (in s) has been translated into a load scal@n N) by
proper interpolation of the load data recorded as a function
FIG. 2. Evolution of the two-phase microstructure as a functionof time.
of applied loadr, during a loading-unloading cycle. Martensite
plates appear dark.

V. RESULTS AND DISCUSSION

squares fit to the exponential decay of an isolated voltage Consi_dering that dissipative effects are about two orders
pulse (presumably resulting from a nearly impulsional ther- Of magnitude smaller than the latent heat of transformtion,
mal power dissipation An average over a number of trials it is @ good approximation to conside that the thermal energy
on pulses of different sizes produces=5.2+0.1 s. released by the sample during the MF,, is proportional to
Before attempting a statistical analysis of the experimenthe volume fraction of material transformex, Thus, ther-
tal recordings, raw dativoltage output as a function of time mal pulses of !arge area in the ex_perlmental train correspond
has been digitally filtered from the main time constant of the'© trar;jformatlons ofa Iarg_e frlactlon of the fsarEpIe and, pre-
measuring device to compensate for its thermal inertia, angumably, to extensive displacements of the austenite-
corrected for baseline modulations caused by low frequenc arter)sne mterphases. In t'h|s scenario, the gmount of trans-
variations of the laboratory temperature. The result of thisormatlonx at a given applied load is proportional to the
numerical treatment is shown in Fig. 3 ov_erall energy rel_eased by the sample_up to that load, ob-
e L tained by integration of the temporal train of thermal power
A threshold of 0.19 mV has been used to discriminate | . ot h i I
valid signals from background noise. Thiaration of an pulses, i.e.xxE=[oW(t)dt. The resulting curve, overa

) nergy rel xtensive vari vs | intensiv
event has been measured as the time elapsed between the &fﬁ gy release& (extensive variablevs load 7 (intensive

. . s able, represents the isothermal trajectory of the speci-
minimum found before a signal crosses threshold on rising . through the stress-induced MT, at room temperature
and the first minimum found once this same signal falls ' '

. . ) Figure 4 shows the evolution of this trajectory with cy-
again below threshold. The maximum of the signal recordeqﬂing' Between cycles 3 and 40 the pattern is very similar:

in the interval defined by the two crossings is taken as thene MT starts by small transformation events, at small loads,
amplitudeof the event. Asilent periodin the train of signals  \hich give rise to an ascending staircase trajectory; then, at a
is defined as the time elapsed between two consecutivyreshold value of the applied load, a large amount of energy
events, defined by the second crossing of the first event and released in one or very few events, and almost all the
the first crossing of the second event. Finally, to analyze theensile part of the specimen transforms to the new phase;
influence of electric noise on the power spectrum of the sigfrom here on, the remaining transformation is completed
nals, we consider asoise periodshe time intervals in which  gradually, by relatively small events. Upon cycling through
the signal never rises above threshold and the time averagke MT, however, very large transformation events tend to
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FIG. 4. Transformation trajectories obtained by integration of A (mW)

the filtered thermal signal, upon loading, for increasing number of

cycles. The curves have been shifted arbitrarily along the horizonta}l FIG. 6. Inltegra:‘ter(]j d'St”bUt'onS”Of amplitudes, averageﬁ over the
axis to avoid overlapping. ourteen cycles of the LIM casgollow squaresand over the ten

cycles of the SEV casesolid squareks In the LIM case, the distri-
break up into smaller ones. From cycle 400 onwards, th&ution can be reasonably fitted by a power law of the faxm*
trajectory of transformation becomes a structured staircase &t0lid line) for about two decades in amplitude. Windowing of the

all loads in the transformation range, and becomes more arfyperimental data is relevant for amplitudes below the dotted line.
more reproducible with an increasing number of cycles.

The joint probability distribution of amplitudes and dura- [ Tmax
tions of the thermal event@(A,T), is shown in Fig. 5. In p(A)—J i P(A,THdT, @
order to improve the statistics we have averaged together the
results of nearly consecutive cycles, corresponding to two Amax
extreme cases: on top the sample has undergoimaiizd p(T)IJ p(A, T)dA. 2
number of cycles, up to cycle number 40IM), while on Arin

bottom it has beeseverelycycled for more than 500 cycles \ye see from the figure that the statistics of amplitudes will
(SEV). This figure is very useful to estimate the limits im- pe yalid only for amplitudes larger than 1 mW, since smaller
posed by a windowing effett on the separatémargina)  gmplitudes, although measurable in principle, correspond to
distributions of amplitudes and durations(A) and p(T),  events of durations too short to be resolved. Equivalently, the
defined as statistics of durations will be distorted for durations shorter
than 0.4 s due to a lack of resolution in the corresponding
amplitudes.

From p(A) and p(T), the integrated distributionsl(A)
andN(T) can be defined as

10"

. ] »
100 E N(A):fA p(A)dA, ©)
-1 E *
O 10 3 |\|(T)=fT p(T)dT. (4)
i o> 3

N(A) represents the number of events with an amplitude
| equal or higher tha&, andN(T) the number of events with
J a duration equal or longer than The interest of introducing
] these two distributions lies on the fact that they are not af-
fected by the binning procedure used to represent them. Fig-
ures 6 and 7 present the experimental histograms of these
sl E distributions in the two extreme cases considered previously
102 (LIM and SEV). The two figures show that the dominant
A effect of cycling is to modify the distributions for the largest
(mW) . . e ,
amplitudes and durations, eliminating the corresponding
FIG. 5. Maps of the joint probability distribution of amplitudes €VENts. The statistics of events of small and moderate ampli-
and durations, in two extreme cases: Litdp; cycle 2, 3, 4, 5, 6,7, tude and duration are not significantly altered. The joint his-
8,9, 10, 17, 23, 31, 41, and 5&nd SEV(bottom; cycle 503, 504, togram p(A,T) (Fig. 5 confirms these two observations:
505, 507, 508, 510, 511, 512, 514, and bIHe contour levels are  fare, large events have disappeared after cycling, but most
logarithmically spaced, starting at AQone event and following  features of the joint distribution are not modified apprecia-
with 10°5, 10, 105 1%, 10?5, and 18 events. bly.
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. contradiction with previous repoffsof power laws in the
statistical distribution of acoustic emission events, recorded
in the thermally-induced MT of a Cu-Zn-Al alloy which had
been repeatedly cycled through the phase transition. The
comparison is not straightforward, however, for a number of

. 10’ 3 reasons: first, in the thermally-induced MT of a bcc single

= : crystal martensite plates form in up to twenty-four possible

= ol different orientations in space, while in a stress-induced MT
107 F

of the same crystal only one orientation is selected almost
always. The different effective dimensionality of the two
situations possibly has an influence on criticality. Second,
10" the techniques used to characterize the transformation events
- in one case and in the other case not only look at different
magnitudes(our thermal technique detects transition latent
T (s) heat, proportional to transformed fraction, whereas acoustic
emission detects the release of strain energy in the form of

FIG. 7. Integrated distributions of durations, averaged over theelastic waves at the transitipbut their characteristic scales
fourteen transformation cycles considered in the LIM cdsslow

squaresand over the ten cycles considered in the SEV casid of observation dlﬁgr In some orders of magnitude as well.
squares In the LIM case, above the limit of 0.4 s imposed by Our thermal technique IS abl_e t_o d_etect all the _'?‘rge scale
windowing of the experimental datdotted ling, a linear fit to the events, whereas acous_tlc emission 1S more senSItlye to small
distribution has the fornT~ 19 (solid line). scale events, at the price of a cutoff at large amplitudes due
to the limited overall resolution of the digitizing oscillo-
The change oN(A) (Fig. 6) is particularly remarkable. In  scope. In this context, it is worth remembering that extensive
the first cycles(LIM) the distribution follows a power law computer simulations of the disorder-induced criticality of
for two orders of magnitude of. If we assume a depen- the RFIM(Ref. 1) have shown that the critical point displays
dence of the formp(A)~A~¢, thenN(A)~A~ ("1 and  such a large basin of attraction that, even thirty percent off it,
from the linear fit shown in the figure we gat=2.3+0.2.  the distributions of amplitudes and durations still display
When the sample has been largely cycl&&V) the power- power laws over several decades.
law form of the distribution is cut off above half the first ~ Recently}® it was suggested that the joint probability dis-
decade inA. This result points to the conclusion that the tribution of amplitudes and durations in a problem of growth
distribution of defects in the material sets up a limit to theby avalanches could be described by a functional depen-
size of martensite domains well below the limit imposed bydence of the formp(A,T)=g(A/TX)A”T?, from which a
the (finite) size of the system. scaling relatiorx(a—1)=(7—1) follows. Inserting our val-
The behavior ofN(T) is similar (Fig. 7), though less ues fora andrleads tax= 1.3, which means that the crest of
clear. Our results show that events of durations between the joint distributionp(A,T) is close to a straight line in
and 12 s(the longest events detecjedisappear with inten- double logarithmic scale; this result is confirmed by inspec-
sive cycling. If we assume again for the first cycledM) a  tion of Fig. 5(top).
distribution p(T)~T~7, thenN(T)~T~ ("1 and from the At the beginning of this section we mentioned that the
linear fit shown in the figure we get=2.9+0.7. energy contained in each thermal pulee area below the
In the language of spatially extended dissipative systemsyeak is very approximately proportional to the transformed
our results point to the conclusion that the dynamics of thdraction in the event considered, i.exe<W(t)dt. The inte-
system evolves with cycling from a critical state, character-grated distribution of event energies, averaged over a number
ized by a power law in the interval of amplitudes and dura-of cycles, is shown in Fig. 8. Again, we consider the two
tions not deformed by experimental windowing of the dataextreme cases LIM and SEV. Beyond the lower limit im-
(1-100 mW and 0.410 9, to a subcritical state in which posed by the window effect, the distribution of LIM cycles is
the number of avalanches of large amplitu@estween 6 and fairly well represented by a power law over three decades in
100 mW) and durationgbetween 3 and 12 ss far below the  energy. In this limit, the result shows unambiguously that the
number expected for a power law. In spin models withstress-induced MT gives rise to transformation events of all
guenched disorder such as the RFIM or the RB\ihich are  sizes: the transformed domains do not present a characteristic
considered relevant here because they have been able to cajfre scale. Conversely, when the sample has undergone a
ture many other distinct features of athermal, externallylarge number of cycle§SEV) there are no more events of the
driven first-order phase transitidpsthe tendency of the dis- largest energies, and the third decade of the distribution dis-
tributions to become subcritical with an increasing numbermppears.
of cycles would be related to a widening of the distribution  The dynamics of the system can be characterized as well
of random fields or bonds, induced by cycling. For a MT, theby the statistics of energy barriers between consecutive meta-
widening would translate into a relative increase of strongestable states. In ailent periodbetween two transformation
pinning points or defects with cycling. events the configuration of the system remains trapped in a
Our result that strong cycling takes the system out frommetastable state, while the applied load modifies the energy
the basin of attraction of criticalitywhere the different sta- landscape until an energy barrier disappears, triggering a
tistical distributions of transformation events are power lawsnew avalanche. Assuming that the applied loadcouples
or close to power lawsto a subcritical state, seems to be in linearly with the elongation of the crystal, it can be proved

oo
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FIG. 8. Integrated distributions of event energies, averaged over
the fourteen cycles of the LIM cagbollow squaresand over the
ten cycles of the SEV cadsolid squares Above the dotted line,

where windowing effects are negligible, the distribution in the LIM 0.0 .
i ; 98 -
case can be approm_mately flttgd t_o a power law of the f&rnd 119 1 119 2 119 3 1194 1195
over three decades in ener¢golid line).
T(N)

thatAU, the size of the energy barrier between two consecu-
tive states, is proportional tor{— 7;), the change in applied

load between the corresponding transformation evénts.
Hence, the statistics of the energy barriers encountered br¥ b £ barri h d 0 b
the system along the MT can be derived from the load inter- umber ot low energy barriers, however, do seems 1o be

vals measured in the silent periods. The integrated histograr?‘is.soc'ateol W'Fh an increase in the number Of _strong pinning
of AU computed in this way is presented in Fig. 9 in Semi_pomts and with the emergence of a subcritical behavior.

logarithmic scale, for LIM and SEV cycles. The qualitative These results suggest for a theoretical study of the correla-

behavior of the two data sets is rather similar. It is interestingig?zgsévr\]’e;ntﬁen%riggrggr'?r: ‘tsr:Zee;‘Sr;rzgvtgfksé?tstlizalrn%r:jaergc_
to notice that the number of large energy barriers is practiwi,[h uenched disorder ' P
cally the same in the two limits studied, but that of medium q )

and low energies has increased noticeably after five hundredf The abservation of power laws in the statistical measures
cycles? This finding indicates that the distribution of barrier ?hetprﬁatlr as?;(;rlrgi?o dr:ffee\;gmssil;?gsesfnaeiglrl;zllrgIlci‘“ttr):isfrit?r?

sizes does not keep a simple relation with the distributions o tructure is aiven in Eia. 10 and its intearated representation
amplitudes and durations of transformation avalanches: higﬁ : giver g- 10 and| 9 pres
in Fig. 11. In this context, it is interesting to consider the

(low) energy barriers cannot be related directly to large i .
(smal) amplitude avalanches. Thelative increase in the power spectrum of the filtered signal,v), computed as the
discrete Fourier transform of the correlation functioft),

defined by

FIG. 10. Structure of the filtered thermal signal at different
scales(cycle no. 503, loading
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FIG. 9. Integrated distributions of energy barriémseasured by

the intervals of applied load between transformation eyentser-
aged over the LIM cycleghollow squares and the SEV cycles
(solid squares

FIG. 11. Transformation trajectories observed at different
scales, obtained from integration of the signals shown in the previ-
ous figure(cycle no. 503, loading
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FIG. 12. Average power spectrum of the trains of thermal sig- (\iLIJ Pa— {4 ’§
nals recorded upon loading. The top curve is the average for LIM ' ] E
cycles, and the middle one the average for SEV cycles. The bottom |‘*|‘_IJ 100 | 1o =
curve is the power spectrum of experimental noise, which above 3
Hz is well approximated by the power spectrum of gaussian noise 0 ) 0
L 1 i

(solid ling). The vertical dotted line separates a region on the left, ! 116 120 124 128
where the noise on the recorded signal can be considered white
(solid curves, from a region on the right where the noise is Gauss- T(N)

ian (dotted . . .
lan (dotted curves FIG. 13. Top: transformation trajectories for cycles 503, 507,

where it is assumed tha(t)=0 for t>A. We have chosen 508, 513, and 514, upon loading. Bottom: correlation between the

A=180 s for sequences extending over 4000 s. Figure 18Ycle-averaged fluctuations of the order parameer, E* (thin
presents the power spectrum of the thermal signals for thin®). and the cycle-averaged response functttidr (thick line),
two cases analyzed, LIMtop curve and SEV (middle for the five trajectories considered above.
curve. In both cases we observe & Hehavior over more o )
than one decade in frequency. Part of the power spectrum ifi€tization correlated strongly with the cycle-averaged mag-
SEV cycles, however, is largely affected by electric noise or'€tic susceptibility, particularly at low magnetic fields. Hav-
the recorded signal. This influence has been analyzed b{9 in mind that static disorder plays a very similar role on
computing the power spectrum of largeise periods(de- e dynamics of magnetic and martensitic s_ystems, we have
fined in the previous sectionThe result is given by the Undertaken as well a study of the correlation between the
bottom curve in Fig. 12. The noise is white for frequenciescycle-averaged fluctuations of the order paramdiér; E2,
below 1 Hz and Gaussian between 3 and 10 Hz, and clearlgnd the cycle-averaged response functdidr.
the Gaussian noise is responsible for the deviations of the The study has been done for the five transformation tra-
power spectrum from a f/law at frequencies above 3 Hz. jectories shown on top of Fig. 13, in the limit of intensive
Conversely, noise seems to have a negligible effect on theycling (SEV) for which the disorder is assumed to remain
power spectrum in LIM cycles. The reason lies on the factstatic. Each loading trajectory can be regarded as a route in
thatc(») is drawn in logarithmic scale: the power spectrumthe phase space of all possible martensite domain arrange-
for the first few cycles(LIM) is dominated by signals of ments. Presumably, the trajectories differ from each other
large amplitude and duration, which liberate most of the endue to thermal fluctuatiorf8. Such fluctuations exist, since
ergy, while after 500 cycle6SEV) the energy is released at the system is not strictly afi=0. Following Urbachet al,
much smaller scales, comparable to noise. In addition, wéhe observed statistical reproducibility of the trajectories is a
observe two sharp peaks at 3 Hz and 6.7 Hz, attributed toneasure of the extent to which the disorder quenched in the
uncontrolled external noise sources. system limits the divergence of the different routes in phase
Interestingly, the range of frequencies explored in thisspace.
experimenicentered about 1 His four orders of magnitude In spite of the modest statistics, we have found the re-
below the range explored for a thermally-induced MT bymarkable correlation between energy fluctuations and non-
ultrasonic techniqués (centered about f0Hz), and yet the  equilibrium response function shown in Fig. 1Bottom).
power spectrum looks very similar. Two very different ex- The correlation reflects the fact that- r trajectories tend to
perimental techniques, therefore, looking at very differentfluctuate more strongly, from cycle to cycle, at those stress
scale sizes, produce a unique picture of scale invariance ovéields where a large number of avalanches of relatively high
many decades. amplitude occur and, conversely, to fluctuate less where ava-
Very recently, Urbachet al!” discussed the possibility lanches are rare and have low amplitude. These observations
that an equivalent of the fluctuation-dissipation theorempoint to a scenario where some defects are powerful enough
would hold for extended out-of-equilibrium systems whoseto pin the transformation in an equivalent, reproducible way
dynamics are dominated by static disorder. These authoiis each cycle, while the pinning power of weaker defects is
studied the fluctuations of cycle-averaged Barkhausen jumpsubject to thermal fluctuations and differs appreciably from
(magnetic avalanchgsluring nearly reproducible magnetic cycle to cycle.
cycles in an Fe-Ni-Co ferromagnet. The fluctuations in mag- The correlation observed is reminiscent of a fluctuation-
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dissipation theorentout of equilibrium), and hence indica- transition cycles the extent of the power laws is reduced by
tive of the fact that the behavior of the system is ergodic, aat least one decade and the system becomes subcritical.
least in a restricted portion of phase space. This is again a Considering that the interval of applied load between con-

guestion that would merit theoretical investigation. secutive transformation events is a measure of the energy
barrier between the coresponding metastable configurations,
VI. CONCLUSIONS we have been able to measure the distribution of energy bar-

] _rier sizes encountered by the system along the phase transi-
We have presented an experimental study of the dynamiggy,, Remarkably we find barrier sizes extending over more

simple in this situation, sir)ce only one mart_e_nsitg variant isyf large energy barriers is nearly unchanged with cycling,
selected. Our results confirm that the transition is athermalyhijie “that of low and intermediate barriers has nearly

i.e., nearly insensitive to thermal fluctuations, and requires goypled after five hundred cycles.

monotonic variation of the applied load to be driven. In the | the limit where the sample has undergone a large num-
transition, the crystal is taken from the original bcc phaseéyer of cycles and the transformation trajectories become sta-
into the close-packed martensitic structure through a sejstically reproducible, we have found a remarkable correla-
quence of long-lived metastable two-phase states. Thesgyn petween cycle-to-cycle trajectory fluctuations and the
states are separated by large energy barriers, due to the builglcie-averaged response function of the system, which is in
ing up of long range elastic strain fields caused by the pressomplete analogy with the correlation found between cycle-

ence of crystalline defects and by lattice shape incompatibilizyeraged fluctuations of magnetization and the cycle-

macroscopic manifestation on the thermal power released or
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