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a b s t r a c t 

CuZr-based alloys are being considered as potential shape memory alloys for use in high-temperature 

applications. We have conducted a study on the effects of several alloying elements on the shape mem- 

ory properties of these alloys using polycrystalline thin-film samples. Here we report on the explosive 

formation of martensite in supercooled CuZr, CuZrNi and CuZrCo samples. This explosive transformation 

behavior is characterized by the following observations: 1) The high-temperature austenitic phase can be 

supercooled below the martensite finish temperature M f . At a critical temperature below M f , austenite 

transforms to martensite across the entire sample in less than a microsecond. 2) The critical temperature 

has a narrow distribution and decreases slightly with higher cooling rate. 3) Observation of supercool- 

ing and explosive transformation behavior depends on the temperature history above the austenite finish 

temperature A f . If a sample is quenched immediately after heating above A f , martensite forms gradu- 

ally on cooling below M s ; if a sample is allowed to dwell a few seconds above A f , the martensite forms 

explosively. We suggest that the gradual transformation proceeds by martensite growth on defects that 

accumulate during successive transformation cycles. If the sample is allowed to dwell at a temperature 

above A f , however, these defects are annihilated and the transformation is nucleation-limited. Nucleation 

of martensite then requires significant supercooling. The defect annihilation process is highly sensitive 

to temperature and has an apparent activation energy of 326 kJ/mol, which is too large for a simple 

diffusion-limited process. Transmission electron microscopy of CuZrCo samples suggests that the defects 

may be related to the presence of residual martensite. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Shape memory alloys (SMAs) rely on a thermoelastic transfor-

mation between a high-symmetry austenitic and a low-symmetry

martensitic phase for their special properties. The large recover-

able strain and energy density associated with the transforma-

tion make SMAs widely useful in engineering applications, such

as actuators and dampers [1–3] . CuZr-based SMAs have higher

martensite transformation temperatures than commercially avail-

able SMAs based on NiTi, and are being evaluated for use in high-

temperature applications [4–6] . The addition of Ni to CuZr in-

creases the transformation temperature [4 , 7] and has the poten-

tial to reduce the hysteresis [7] , which can be quite large in some

CuZr-based SMAs [4 , 8] . 

In most shape memory alloys, the martensite that is responsi-

ble for the shape memory properties forms gradually on cooling

below the martensite start temperature M s and it is fully formed
∗ Corresponding author. 
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hen the temperature reaches the finish temperature M f [9] . The

artensitic transformation (MT) is athermal, i.e., no thermal ac-

ivation needed. There are, however, a number of examples where

artensite forms differently. Machlin and Cohen first reported both

xplosive and isothermal martensite formation in non-shape mem-

ry Fe-Ni alloys [10 , 11] . A succession of small bursts is also ob-

erved during the formation of martensite in Cu-Al-based shape

emory alloys, as a result of jerky propagation of the interface be-

ween the austenite and martensite [12 , 13] . 

In this paper, we report on explosive transformation behavior

bserved using nanocalorimetry in CuZr, CuZrNi and CuZrCo thin-

lm samples supercooled below M f . We attribute this behavior

o the fact that the formation of martensite in these samples is

ucleation-limited. The transformation behavior is unusual in that

t depends sensitively on the thermal history of the samples. If the

ustenite is quenched immediately after heating above A f , marten-

ite forms gradually on cooling below the martensite start temper-

ture M s as it does in most alloy systems. If, however, the austen-

te is allowed to dwell for a few seconds above A f , the marten-
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Fig. 1. (a) Picture of a sensor array with 25 nanocalorimetry sensors. (b) Schematic 

of a single sensor. (c) Phase transformations during the heat treatment of an as- 

deposited, amorphous Cu 40 Zr 50 Ni 10 sample. 
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ite forms explosively, resulting in a complete transformation of

he samples to martensite in less than a microsecond. 

. Experimental 

.1. Nanocalorimetry system 

All heat treatments and measurements were performed on

hin-film samples using a nanocalorimetry setup [6 , 14] . The setup

elies on a custom-built sensor and data acquisition system. Fig. 1 a

nd 1 b show a sensor array and a schematic of a single sensor,

espectively. The sensors are fabricated using silicon microfabri-

ation techniques, the details of which can be found in our pre-

ious work [14] . Each sensor consists of a tungsten heating el-

ment/thermistor embedded within a freestanding silicon nitride

embrane. The membrane protects the heating element from ox-

dation and provides support, while limiting conductive heat loss

o the surroundings. The heating rate ranges from zero for isother-

al measurements to 10 6 K/s [15] . Measurements are performed

n a high-vacuum chamber to prevent oxidation of the sample and

eat loss to the ambient air. 

In a typical measurement, a current profile is applied to the

ungsten thermistor. The resistance of the tungsten is obtained by

easuring the voltage drop across the sample region ( Fig. 1 b). This

esistance is then mapped to temperature using the temperature

oefficient of resistance λ of the tungsten thermistor, 

 = R 0 ( 1 + λ( T − T 0 ) ) , (1) 

here R is the resistance of the thermistor at temperature T , and

 0 the resistance at the ambient temperature T 0 . On heating, the

nergy balance for the sensor dictates that 

 = V · I = C p · β + L. (2)
In this expression, P is the power supplied to the sensor, V is

he potential drop across the heating thermistor, I is the current

hrough the thermistor, C p is the heat capacity of the sample and

ensor addendum, β is the heating rate, and L is heat loss to the

nvironment through radiation and conduction. The contribution

f the heat loss in Eq. (2) can be largely eliminated by making dif-

erential measurements using an empty sensor as a reference [6] .

n that case, the differential heat capacity is 

C p = C sam 

p −C ref p ≈ I ·
(
V sam 

βsam 

− V ref 
βref 

)
, (3) 

here the subscripts refer to measurements for the sensor with

he sample and the empty reference sensor, respectively. To reduce

oise, βref can be averaged over a number of measurements that

se an identical current profile; βsam can be derived from βref and

he differential voltage �V using 

sam = βref 

R ref 0 

R sam 

0 

+ 

1 

IλR sam 

0 

d�V 

dt 
− �V 

I 2 λR sam 

0 

dI 

dt 
. (4) 

Additional small corrections for heat loss and the temperature-

ependence of the heat capacities of the sensors are discussed in

etail in reference [6] . Using a Sn sample with 3 nm thickness and

 heating rate of 40,0 0 0 K/s, we have demonstrated that the root-

ean-square noise of �C p can be as small as 6 nJ/K at 400 K [6] . 

.2. Sample preparation and characterization 

Thin-film samples of CuZr, CuZrNi and CuZrCo were prepared

irectly on top of the calorimetry sensors by magnetron co-

puttering from single elemental targets (acquired from Kurt J.

esker Co.; purity: Zr > 99.2%, Cu > 99.999%, Ni > 99.995%, Co >

9.95%; 50.8 mm diameter) in a high-vacuum chamber (AJA ATC-

800). To prevent reaction between the sample and the underlying

ilicon nitride, a layer of 20 nm HfO 2 was grown on top of the

ensors by means of atomic layer deposition (ALD) prior to sample

eposition (Cambridge NanoTech ALD System). The base pressure

f the vacuum chamber was better than 5 × 10 −7 Torr and the Ar

orking gas pressure during deposition was 5 mTorr. The power of

he Zr target was fixed at 160 W, while the power supplied to the

ther targets was varied to produce samples with compositions of

u 51 Zr 49 , Cu 47 Zr 49 Co 4 , and Cu 50-x Zr 50 Ni x . The compositions were

onfirmed using X-ray photoelectron spectroscopy (Thermo Scien-

ific K-Alpha Plus XPS System) with Ar ion depth profiling. The

hicknesses of the samples were in the 40 0–50 0 nm range and

ere controlled by deposition time. A shadow mask was used to

imit deposition to the sample areas of the sensors ( Fig. 1 b). 

All as-deposited samples were amorphous, and were heat-

reated using the nanocalorimetry sensors to obtain the austenitic

hase. The phase evolution of a Cu 40 Zr 50 Ni 10 sample during heat

reatment is shown in Fig. 1 c. The sample crystallized at ap-

roximately 780 K, resulting in a strong exothermic signal in the

eat capacity curve [7 , 16] . The small feature immediately prior to

rystallization is the glass transition [17] . The austenitic phase is

ormed in a eutectoid reaction between the crystallization prod-

cts at approximately 970 K. If a sample is heated through the eu-

ectoid peak only, it does not transform to martensite on cooling.

e attribute this to insufficient ordering of the austenitic phase

6] . Planes et al. have reported an order-disorder transformation in

he high-temperature phases in some Cu-based shape memory al-

oys [18] . To obtain an austenitic phase that transforms to marten-

ite on cooling, a lengthy heat treatment above the eutectoid tem-

erature or a partial melting treatment needs to be performed on

hese samples. The partial melting treatment resulted in austenite

ith 100 to 300 nm grains. Transmission electron microscopy char-

cterization was performed using a JEOL ARM-200F TEM. Cross-

ectional TEM samples were prepared from the samples on the
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Fig. 2. Nanocalorimetry measurements of a Cu 40 Zr 50 Ni 10 sample showing normal and explosive transformations. (a) and (b): Calorimetry scan of a gradual transformation 

and corresponding thermal history. (c) and (d): Calorimetry scan of an explosive transformation and corresponding thermal history. Heating and cooling curves in the 

calorimetry scans have been offset for clarity. 

Fig. 3. (a) Critical transformation temperatures M c as a function of cooling rate measured on a Cu 40 Zr 50 Ni 10 sample. (b) Temperature history for a Cu 40 Zr 50 Ni 10 sample with 

an isothermal treatment at 5 K above the critical temperature. The explosive transformation is marked by the arrow. 
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Fig. 4. (a) Transformation temperatures for different compositions of CuZrNi. The Zr 

content is fixed at 50 ±2% while Ni and Cu are allowed to change. A s is the austenite 

starting point, M s is the gradual MT starting point, and M c is the critical tempera- 

ture for explosive transformation. The results have an estimated error of ±5 K. The 

trend lines serve as guides to the eye. When the Ni content is above 25%, the su- 

percooling effect is no longer observed. (b) Transformation trace of a CuZrNi sample 

with 23 at.% Ni shows a series of bursts. 
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anocalorimetry sensors using a focused ion beam lift-out tech-

ique (Helios 660 Dual-Beam FIB). 

. Results 

.1. Characteristics of the supercooled martensitic transformation 

To investigate the formation of the martensitic phase, heat-

reated samples were subjected to various nanocalorimetry cycles

t a nominal heating rate of 10,0 0 0 K/s. The results of these ex-

eriments are summarized in Figs. 2 –7 . Fig. 2 shows the calorime-

ry results for two different thermal cycles on the same sample

f Cu 40 Zr 50 Ni 10 , along with the corresponding temperature histo-

ies. The main difference between the two thermal cycles is the

aximum temperature reached during the cycles. In both cases,

he sample has a clear martensite-to-austenite transformation on
eating and an austenite-to-martensite transformation on cooling.

t is evident, however, that the maximum temperature that the

ample is exposed to has a significant effect on how the marten-

ite forms on cooling. In Fig. 2 a, the sample is cooled immediately

fter reaching A f . The result is a gradual transformation between

20 K and 380 K, i.e., behavior similar to what is observed in most

hape memory alloys. In Fig. 2 c, the sample is heated to a tem-

erature that is approximately 400 K higher than A f . The transfor-

ation to martensite now occurs abruptly at 345 K and the entire

ample transforms nearly instantaneously, causing a sudden spike

n temperature. This explosive transformation occurs at a temper-

ture well below the M f observed in the low-temperature thermal

ycle. 

Remarkably, in the explosive transformation, the austenite

ransforms to martensite throughout the entire sample in less than

ne microsecond – the transformation occurs between two consec-

tive data points obtained at an acquisition rate of 10 6 Hz. Assum-

ng the transformation starts in just one location of the sample, it

s possible to obtain a lower bound on the propagation speed of

he transformation. The thin-film sample has lateral dimensions of

.6 mm × 0.8 mm. If the transformation starts in the center of the

ample, the propagation speed is at least 1800 m/s, a significant

raction of the speed of sound in these materials. A comparison

f the enthalpies of transformation on heating and cooling con-

rms that the entire sample transforms to martensite in a single

urst. Given that there exists some temperature non-uniformity in

he samples during the measurement, these observations suggest

hat the formation of martensite is triggered by a single nucleation

vent and that the transformation then propagates across the en-

ire sample, probably as a result of a stress wave, rather than by

ndividual grains transforming independently on reaching a critical

emperature – i.e., the transformation is autocatalytic. 

To examine the kinetics of the nucleation event, twenty

alorimetry measurements were performed at three different cool-

ng rates on the same Cu 40 Zr 50 Ni 10 sample, after heating to the

ame maximum temperature of 1060 K. Fig. 3 a summarizes the

esults. It is evident that there is significant scatter in the critical

emperature for a fixed cooling rate and that the critical tempera-

ure decreases slightly with increasing cooling rate. Fig. 3 b shows

hat if the sample is held for five seconds at a temperature slightly

bove the critical temperature but below M f , no transformation is

bserved for the duration of the isothermal hold. On subsequent

ooling, the sample transforms explosively. Evidently, nucleation of

he martensitic phase in the explosive transformation is a stochas-

ic event with only a slight temperature dependence. 

.2. Effect of composition on transformation behavior 

Further experiments show that explosive transformations may

e observed in CuZr, CuZrNi, and CuZrCo alloys over a range of

ompositions. Fig. 4 a shows how the various transformation tem-

eratures ( M s , M c , and A s ) change with Ni content in ZrCu 1-x Ni x 
lloys. All three temperatures increase with increasing Ni content,

ut M c increases more rapidly than M s . As a result, the degree

f supercooling decreases as the Ni content increases and super-

ooling disappears at approximately 25 at.% Ni. As illustrated in

ig. 4 b, the transformation is then completed in a series of small

ursts alongside a gradual transformation. Nucleation of martensite

s clearly much easier at this composition. Because the tempera-

ure is above M f , nucleation at one site does not trigger transfor-

ation of the entire sample. Fig. 5 shows calorimetric curves for

he Cu 51 Zr 49 and Cu 47 Zr 49 Co 4 alloys. Both samples exhibit super-

ooling behavior, but the degree of supercooling varies. The super-

ooling is approximately 60 K for the Cu 51 Zr 49 sample, slightly less

han for Cu 40 Zr 50 Ni 10 , while the supercooling for the Cu 47 Zr 49 Co 4 
ample is only about 15 K. The difference suggests that supercool-
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Fig. 5. Explosive transformations in Cu 47 Zr 49 Co 4 and CuZr. CuZr shows more super- 

cooling and more recalescence than Cu 47 Zr 49 Co 4 . The results have been offset for 

clarity. 

Fig. 6. Transformations for a Cu 40 Zr 50 Ni 10 sample heated to different maxi- 

mum temperatures. The low-temperature scan (top) shows a gradual transforma- 

tion; the high-temperature scan (bottom) shows an explosive transformation; the 

intermediate-temperature scan (middle) shows transitional behavior. 
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ing behavior can be drastically altered by alloying, even though

electron microscopy shows that there is little or no change in the

microstructure. 

3.3. Effect of temperature history on the martensitic transformation 

Fig. 6 demonstrates that the explosive character of the marten-

sitic transformation depends sensitively on the thermal history

above A f . In the figure, we compare cooling curves for the same

Cu 40 Zr 50 Ni 10 sample that was thermally cycled to three different

temperatures. Before each measurement in the figure, three high-

temperature cycles were performed on the sample to ensure that

the starting conditions for each measurement were exactly the

same. In the low-temperature cycle, the sample was quenched im-

mediately upon reaching A f = 680 K. This treatment results in a

gradual transformation of austenite to martensite on cooling, al-

lowing determination of the M s and M f temperatures. The high-

temperature cycle results in an explosive transformation, while the
ycle to an intermediate temperature yields a transitional case –

here is no significant undercooling, and transformation behavior

s partly explosive, partly gradual. 

The maximum temperature to which the sample is cycled

lso has an impact on the stability of the transformation. Fig. 7

ompares the martensite-to-austenite transformation peak for

u 40 Zr 50 Ni 10 samples that have been cycled to different tempera-

ures. In the low-temperature cycles, the peak gradually degrades –

he height of the peak decreases, the position of the peak shifts to

igher temperatures, and the peak becomes broader. From the first

can to the last, the enthalpy release decreases by 47%, indicating

hat the amount of material participating in the transformation de-

reases with cycling. In the high-temperature cycles, by contrast,

he martensite transformation peak is stable with no changes in

ither peak position or height. 

.4. Kinetics of defect annihilation 

Our results suggest the following picture of the martensitic

ransformation in these samples: Initial nucleation of the marten-

itic phase in pristine austenite is difficult. As a result, the sam-

les can be supercooled significantly below the M f temperature

nd they transform explosively once the first martensite nucleus

orms. This process is autocatalytic and aided by a stress wave that

ropagates through the entire sample. However, if the samples are

hermally cycled through the reverse transformation, defects are

enerated that make it easier for the martensite to nucleate and

he transformation occurs gradually. As the number of cycles in-

reases, defects accumulate and less material participates in the

ransformation. If the samples are exposed to a temperature that

s significantly higher than A f , the defects disappear and the trans-

ormation becomes explosive once more. 

To examine the nature of the defects that serve as easy nucle-

tion sites for the gradual transformation, a set of annealing exper-

ments was designed to explore the kinetics of the defect annihi-

ation process. All experiments were performed on a Cu 40 Zr 50 Ni 10 
ample with A f = 680 K. Prior to each anneal, the sample was cy-

led two times to 1020 K (to annihilate defects) and two times to

00 K (to generate defects), ensuring that the sample had a same

mount of defects before the anneal. The sample was then heated

o a temperature between 735 K and 780 K, annealed isothermally

or a period of time, and finally cooled through the martensitic

ransformation. We interpret the observations in these experiments

s follows: During the isothermal anneal, defects are cleared from

 fraction of the sample volume. On cooling, the transformation

o martensite is then explosive, gradual, or transitional depending

n how many defects are annihilated during the anneal. Table 1

ists the fraction of martensite formed in the explosive transforma-

ion as a function of annealing conditions. This fraction was calcu-

ated from the sudden temperature jump in the sample and may

e used as a measure of the defect annihilation rate r when di-

ided by the anneal time. Notice that only experiments that result

n less than 100% annihilation can be used towards the analysis.

ig. 8 shows an Arrhenius graph of the annihilation rate r . If the

nnihilation process is thermally activated, the slope of the graph

ields the activation energy of the annihilation process. The value

btained from Fig. 8 is 326 kJ/mol ( ±12%). This value is very high,

nd a factor two or three higher than the activation energy for dif-

usion in these alloys (96 to 136 kJ/mol) [19 , 20] . Thus, this exper-

ment seems to rule out defects that may be annihilated by diffu-

ion alone and suggests a more complicated process. 

Transmission electron microscopy was performed on two

u 47 Zr 49 Co 4 samples to find microscopic evidence for defects that

ould serve as easy nucleation sites. This particular alloy was se-

ected because its M s temperature (272 K) is below room tem-

erature, making it possible to observe the austenitc phase in
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Fig. 7. Calorimetry scans of the austenite transformation as a function of the number of thermal cycles for Cu 40 Zr 50 Ni 10 . (a) If the maximum temperature is 830 K, the 

transformation peak shifts and decreases with the number of cycles; (b) if the maximum temperature is 1045 K, the transformation peak is stable. 

Table 1 

Results of Cu 40 Zr 50 Ni 10 anneal experiments. The fraction of martensite formed in the explosive transformation is 

determined from the temperature rise induced by the explosive transformation divided by the temperature rise 

induced by a complete explosive transformation. The table only lists anneal sessions with less than 100% completion. 

Anneal temperature (K) Anneal time (s) Fraction of explosive MT resulting from anneal (fraction of unity) 

735 1 0.310 

735 2 0.388 

735 7 0.415 

737 0.5 0.075 

745 1 0.275 

750 1 0.788 

755 0.5 0.358 

755 1 0.850 

764 0.3 0.262 

777 0.3 0.715 

780 0.1 0.365 

Fig. 8. Arrhenius graph of the annihilation rate in a Cu 40 Zr 50 Ni 10 sample. The anni- 

hilation rate is defined as the fraction of martensite that forms explosively divided 

by the corresponding anneal time. 
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b  
he microscope without the temperature dropping below M s . The

wo samples were subjected to different treatments as illustrated

n Fig. 9 . The low-temperature cycled (LT) sample should have

efects accumulated from the nanocalorimetry cycles, while the
igh-temperature cycled (HT) sample should not. Typical TEM mi-

rographs of the two samples are shown in Fig. 10 . It is evident

rom the micrograph in Fig. 10 , and others, that the LT sample

as martensite plates in multiple grains even though it was cooled

rom a temperature greater than A f to a temperature above M s . The

iffraction pattern in Fig. 10 b shows the Cm space group with (021)

win planes, which is consistent with previous reports [7 , 21 , 22] .

he HT sample, on the other hand, is fully austenitic. Densely

acked stacking faults in the form of dark stripes are present in

oth samples. The micrographs combined with the isothermal an-

ealing experiments suggest that it takes some time for martensite

o fully transform to austenite, even at temperatures greater than

 f . The residual martensite, in turn, makes it easier for the austen-

te to transform to martensite on cooling because no nucleation is

equired. 

. Discussion 

In many alloys, the martensitic transformation is athermal –

artensite forms when the austenitic phase is cooled below M s 

nd the volume fraction of martensite is a function of temperature,

ot time. There are, however, a number of observations in the lit-

rature where martensite forms in bursts [10–12] . Examples that

ave been studied in some detail include Fe-Ni alloys, where the

ustenitic phase is a solid solution with very few martensite nucle-

tion sites [10 , 11 , 23] . Machlin and Cohen have reported that up to

5% of the martensite may be formed explosively at a temperature

elow M s [10] , after which the martensitic transformation proceeds
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Fig. 9. Heat treatment history of (a) low-temperature cycled and (b) high-temperature cycled Cu 47 Zr 49 Co 4 samples. The thick solid lines represent calorimetry cycles. The 

dashed lines represent sample transfers. The thin lines mark A f , room temperature, and M s . 
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isothermally until it reaches a characteristic volume fraction that

is a function of temperature. Turnbull and Cohen have suggested

that martensite in Fe-Ni nucleates on heterogeneous sites [11 , 24] .

Samples with fewer heterogeneous sites are then more likely to be

supercooled below M s . A succession of small bursts has also been

observed during the formation of martensite in CuZnAl alloys, as

a result of jerky propagation of the M-A interface. Planes et al.

have associated this behavior with the β−2H martensitic trans-

formation [12 , 13] . When the composition changes in these alloys,

the type of martensite changes from 2H to 18R and the transfor-

mation becomes smooth. This transition to 18R martensite may

be caused by a change in the number of valence electrons per

atom as the composition changes [25] . Thus far, observations of

the martensitic transformation in bulk CuZr-based shape memory

alloys have been of the gradual type [8 , 26] . The thin-film samples

in this study, however, display more complex transformation be-

havior, from gradual to explosive. Unlike the Fe-Ni system where

the explosive transformation is independent of the austenitizing

temperature [10] , occurrence of the explosive formation of marten-

site in the CuZr-based systems depends sensitively on the temper-

ature history above A f . Furthermore, the explosive transformation

in CuZrNi results in the complete transformation of the sample in-

stead of just a small fraction as previously observed in other alloy

systems. This is clearly the result of an autocatalytic reaction [27] ,

where nucleation of martensite at one site triggers transforma-

tion of the entire sample. Given that stress in the austenitic phase

promotes the formation of martensite [11 , 28] , it is likely that the

stress wave associated with the initial nucleation is sufficient to

trigger transformation in neighboring grains, causing the transfor-

mation to propagate across the entire sample at nearly the speed

of sound. An elastic coupling between transforming grains was ob-

served previously by Machlin and Cohen in Fe-Ni alloys [10] . We

believe that a similar process can also form variants within a grain

to create a self-accommodating structure with a high density of

twins as observed in Fig. 10 b. 

The observations of explosive transformations in thin-film sam-

ples and gradual transformations in bulk samples of CuZr-based

alloys are an indication that bulk samples have many more fa-

vorable sites that allow simultaneous nucleation of martensite in

many grains. In thin-film samples with explosive transformations,

by contrast, there are either only a few nucleation sites of weak
otency or nucleation may occur homogenously. For comparison,

lson et al. have reported 10 6 cm 
−3 nucleation sites at M s in the

arent phase of ferrous alloys [27] . A similar nucleation site den-

ity in CuZr-based alloys would correspond to a single nucleation

ite in the thin-film samples used in this study. This would suggest

 strong size effect in the observed explosive transformation be-

avior and explain why the behavior is not observed in bulk sam-

les. This size effect has important consequences for the use of this

ype of shape memory alloys in very small volumes as would be

equired in micromachined actuators or MEMS. 

Samples that have been cycled to a temperature only slightly

bove A f transform gradually and nucleation of martensite is not

 limiting factor. The TEM images in Fig. 10 indicate that low-

emperature-cycled samples have residual martensite, while high-

emperature-cycled samples do not. It is unlikely that the resid-

al martensite is formed during sample preparation because the

ift-out process tends to reduce stresses in the sample and makes

ormation of martensite less likely. Much more likely is the pos-

ibility that the sample did not fully transform to austenite on

eaching A f . The residual martensite needs more time to trans-

orm back to austenite than provided in the experiments. We sug-

est that the martensite is stabilized by defects that originate dur-

ng the martensitic transformation as a result of the large lattice

ismatch between the two phases. This scenario is supported by

ig. 7 a, which shows that the enthalpy of the reverse transforma-

ion peak decreases with additional low-temperature cycles. If a

inimum time is required to fully convert the martensite rem-

ants to austenite above A f , residual martensite should accumu-

ate with additional thermal cycles and the austenitic peak dimin-

sh. Once the sample is heated to a more elevated temperature,

he defects that stabilize the martensite are annealed, the residual

artensite transforms to austenite, and the martensitic transfor-

ation reverts to the explosive type. 

The kinetics experiments demonstrate that the time required to

liminate the residual martensite is on the order of a few seconds,

hich makes it difficult to observe this phenomenon in bulk sam-

les. The apparent activation energy of the annihilation process

s significantly higher than the activation energy for diffusion. As

 reference, the activation energies of both processes are usually

imilar in steel alloys [29–32] . This results indicates that transfor-

ation of the residual martensite to austenite above A f is a com-
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Fig. 10. Transmission electron micrographs of two Cu 47 Zr 49 Co 4 samples observed at 

room temperature. (a) The low-temperature cycled sample has a mixture of marten- 

site and austenite. In the top grain, martensite fades into austenite. (b) A high res- 

olution image of martensite twins in (a). The diffraction pattern reveals a (021) 

twin plane of the Cm space group. (c) The high-temperature cycled sample is fully 

austenitic. The bottom-left grain shows dense stacking faults, which are visible as 

dark stripes. The diffraction image is taken on a single grain in the cubic [001] zone 

axis. 
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lex process that involves more than just the athermal motion of

he interface between the martensite and austenite, or the annihi-

ation by diffusion of defects that stabilize the martensite [33 , 34] . 

. Conclusion 

We have investigated the martensitic transformation in thin-

lm samples of various CuZr-based shape memory alloys.

anocalorimetry measurements show that the austenitic phase

an be supercooled below M f , eventually resulting in an explosive

ransformation to martensite that propagates at a velocity compa-

able to the speed of sound. The critical transformation tempera-

ure depends weakly on cooling rate and changes with composi-

ion. Supercooling disappears completely in CuZrNi alloys with Ni

ontent greater than 25 at.%. Whether explosive transformation be-

avior is observed depends sensitively on the temperature history

bove the austenite finish temperature A f . If a sample is quenched

mmediately after heating above A f , martensite forms gradually on

ooling below M s ; if a sample is allowed to dwell for a few sec-

nds above A f , the martensite forms explosively. TEM observations

eveal that this behavior is caused by the presence of residual

artensite at temperatures above A f . This martensite is evanescent

n the sense that it disappears within a few seconds upon heat-

ng above A f , probably as a result of the annihilation of defects

hat stabilize the martensite. If this evanescent martensite is re-

ained upon cooling, it facilitates the formation of martensite and

he transformation is gradual. If it has disappeared, however, the

artensitic transformation is nucleation-limited and becomes ex-

losive. 
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