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bstract

A methodology of successive compression loads to different faces of a prism shaped SMA single crystal is proposed as an efficient approach
o investigate twinning deformation processes in martensites. It is applied to study twinning processes in 2H martensite phase in Cu–Al–Ni single
rystals. The method involves an experimental evaluation of compression stress–strain curves, a measurement of complete shape changes due to
ransformation and twinning processes, and a three surface trace analysis for characterization of planar interfaces. The experiments are supported
y theoretical calculations of shape change, analysis of the possible twinning modes and orientation dependence of twinning stresses. It was

ound that the large difference between the resolved shear stresses for type II (7 MPa) and compound twinning (0.7 MPa) and their orientation
ependencies control the stress–strain responses of the 2H martensite in uniaxial compression. Type I twinning was not observed in compression.
t is reported that the reversion of the martensite variant single crystal to the austenite upon heating proceeds very fast along a rather complex
everse transformation path at a temperature T = ∼As + 40 K.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Shape memory alloys (SMAs) exhibit a variety of deforma-
ion processes derived from martensitic phase transformation.

hile the phase transformation processes in commonly used
MAs have been thoroughly investigated [1–3], less informa-

ion is available on elastic properties of martensites, twinning
rocesses in martensites and transitions between different types
f martensites [1,2]. Most of the research papers in SMA mod-
lling field have focused the phase transformation processes but
he twinning processes in martensites are equally important.
he lack of knowledge concerning the elastic properties and
eformation processes in martensites seems to become a prob-
em for modelling of the shape memory phenomena involving

artensitic transformation as well as martensite deformation.
ore experimental and theoretical research on elastic proper-
ies of martensitic phases and twinning processes in martensite
s clearly needed.

∗ Corresponding author. Tel.: +42 266 052604; fax: +42 286 890 527.
E-mail address: novakv@fzu.cz (V. Novák).
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rmation

The aim of this work is to present results of a systematic
xperimental investigation of transformation and twinning pro-
esses in Cu–Al–Ni alloy using a novel approach consisting
n sequential loading of prism shaped single crystal samples
n compression. Extensive studies of phase transformation pro-
esses in Cu–Al–Ni single crystals were carried out ∼25 years
go by various groups in Japan, Europe and Argentina (for recent
eview see [3]). Most of the experiments were carried out in ten-
ion and provided essential textbook information on physics,
rystallography, thermodynamics and mechanics of martensitic
ransformations in Cu–Al–Ni. Recently, experimental studies of
eformation processes in SMA single crystals have appeared in
he literature again (e.g. [4,8]), motivated by a need for mate-
ial data to be used in micromechanics modelling of SMAs. As
ointed out above, only few results concerning twinning pro-
esses in 2H martensite in Cu–Al–Ni single crystals exist in the
iterature [5–8]. Structure [2], elastic constants [9–11] and twin-
ing processes [6] in 2H martensite phase are known. Change of
lastic properties (elastic constants) with stress induced cubic-

H orthorhombic transformation in Cu–Al–Ni single crystal
as reported recently [10]. Information is missing on twinning

tresses, anisotropy and effect of sense of load on the twinning
rocesses in 2H martensite phase. The reasons that motivated us

mailto:novakv@fzu.cz
dx.doi.org/10.1016/j.msea.2006.02.192
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o make compression experiments on prism shaped single crys-
al samples include: (i) compression test data on twinning are
carce; (ii) grip constraint effects on the large shape changes due
o twinning are relatively limited in compression tests; (iii) one
ample can be beneficially deformed successively along three
oad axes (three prism faces); (iv) shape change of the crystal
ue to twinning can be precisely evaluated. A disadvantage is
hat that the prism shape is not optimal for compression test.
he stress state in the sample is not exactly uniaxial and the
rientation of the load axis varies during the compression tests.

. Experiment

A single crystal of Cu–14.3Al–4.2Ni (wt.%) alloy was grown
y use of the Bridgman method. The transformation temper-
tures were determined by differential scanning calorimetry
DSC) as Ms (2H) ∼248 K and As ∼ 285 K (Fig. 1(a)). Due to

he thermal hysteresis and a shift of As due to deformation (see
elow), such crystal may exist at room temperature either in the
cc austenite or in the 2H martensite phases. Specimens were
park cut in the austenitic phase in a cuboid shape with various

l
o
o
i

ig. 1. (a) DSC scan of the Cu–Al–Ni sample, (b) geometrical parameters a, b, c, α

he prism shape of the sample in austenite and martensite states. Three faces of the pr
ample during the compression sequences. (For interpretation of the references to col

able 1
omparison of experimental and calculated shapes (see Fig. 1(b) for definition of geom
f austenite and martensite lattices) of austenite and martensite single variant crystals

Dimensions (mm) Edge angles (◦) Face normals

a b c α β γ R

ustenite
Experimental 5.572 5.945 6.595 89.0 88.6 90.4 −0.3003 −0.73

artensite variant V2
Experimental 5.655 5.526 6.964 88.5 89.2 93.6
Calculated 5.641 5.504 6.996 88.4 88.1 93.9 −0.0797 −0.33

artensite variant V1
Experimental 5.820 5.543 6.755 88.7 90.1 94.5
Calculated 5.827 5.518 6.746 88.4 88.9 95.1 0.9357 −0.34

artensite variant V5
Experimental 5.594 6.108 6.333 90.7 83.1 87.2
Calculated 5.555 6.109 6.343 90.0 81.6 87.0 0.6847 −0.66
ineering A 438–440 (2006) 755–762

rystallographic orientations of parallel faces and dimensions
see Table 1 for details of the sample used in this work). The
uboid shape of the austenite sample changed into one of the six
ossible martensite prism shapes (opposite sample faces are still
arallel but have different normal distances and contain general
dge angles, Fig. 1(b)), depending on which martensite variant
as formed in the compression tests (see Section 3.3 for details).
pecimen faces were carefully polished in the austenitic state at
= 330 K. The crystal lattice orientations were determined by

he back-reflection Laue method.
Compression tests were performed in an INSTRON 1362

lectromechanical testing machine at room temperature using
train rates ranging from 4 × 10−5 to 4 × 10−3 s−1. Since the
hape change of the SMA single crystal during compression
ests is large, it is crucial to try to avoid sample-grip constraint
ffects as much as possible. Therefore, contact faces of the com-
ression grips were made exactly parallel, polished and slightly

ubricated. Moving traces of interfaces on polished surface were
bserved in situ by an optical microscope mounted on the frame
f testing machine. After the test (when needed also during test
nterrupts) a detailed evaluation of the shape of sample and ori-

, β, γ , (distances between parallel faces and edge angles) used to characterize
ism are denoted as red (R), green (G), blue (B) for easy manipulation with the
or in this figure legend, the reader is referred to the web version of the article.)

etrical parameters a, b, c, α, β, γ) and face normals (direction cosines in bases
(V2, V1, V5)

B G

10 −0.6127 −0.9550 0.1986 0.2205 0.0627 −0.6370 0.7683

13 −0.9402 −0.0135 −0.9633 0.2682 −0.9927 0.0724 0.0962

22 −0.0855 −0.2590 −0.9658 −0.0141 −0.0894 0.0699 −0.9935

57 0.2968 −0.8004 0.2504 −0.5447 0.4493 0.8072 −0.3828
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ntation of the surface traces was made. Cooling–heating exper-
ments inside the optical microscope were made using a Peltier
able. In some cases, in order to slow down the transformation
inetics for in situ optical observations, the cooling–heating was
ade in a temperature gradient achieved by active cooling of

pper face of the sample while heating the lower face at the
ame time.

The prism shape of the sample (different for each par-
icular martensite single crystal variant existing in it) was
alculated [12] from original shape of the austenitic sam-
le, lattice parameters of austenite (bcc: a0 = 0.5835 nm) and
artensite (orthorhombic 2H: a = 0.4389 nm, b = 0.5342 nm,
= 0.4224 nm), lattice correspondence and shape strain of the
artensitic transformation [2]. Crystallographic orientations of

abit planes and twinning planes were determined by three sur-
ace trace analysis on partially deformed samples.

. Results and discussion

.1. Thermally induced austenite–martensite transition

Martensitic transformation taking place in the crystal ther-
ally cycled at zero stress proceeds via formation of multi-
le variants of 2H martensite. Since mutual accommodation of
hape strains of individual variants was never perfect, the prism
ample slightly changed its shape with the transformation, each
ycle, however, differently. Moving traces of habit plane variants

p
a
F
c

ig. 2. Stress–strain curves of Cu–Al–Ni single crystal at room temperature recor
equentially 1–7) starting by compression on the face B of originally austenite prism
tc. V1–V6 denote which variant exists in the sample at corresponding strain. (For int
o the web version of the article.)
ineering A 438–440 (2006) 755–762 757

f twinned 2H martensite phase ranging from of tens up to hun-
reds of micrometers in size were observed in situ on polished
ample surfaces. If the sample was carefully cooled in a thermal
radient, however, it was possible to achieve martensitic trans-
ormation proceeding via slow motion of a single habit plane
nterface between austenite and twinned 2H martensite phase
n a repetitive manner. Thermally induced transformations are,
owever, not focused in this work.

.2. Stress-induced austenite–martensite transition

Stress-induced martensitic transformation was observed
pon loading the prism in the austenite phase at room temper-
ture. The recorded stress–strain curves [8,10] depended sig-
ificantly on the specimen orientation (crystallographic indexes
f the normal to the prism face in contact with grips). In case
f load axis orientation: (i) near [1 0 0], a complete transition
o the 2H martensite phase that remained stable after unload-
ng (Figs. 2(a) and 3(a)) was observed; (ii) near [1 1 0], the
ample response was usually pseudoelastic (into a mixture of
tress induced 2H and 18R martensites) with the hysteresis of
bout 200 MPa [8]; (iii) near [1 1 1], the transformation strain
as relatively low and transformation stress high, so that only

artial transformation upon loading up to 400 MPa could be
chieved, in some cases, there was only elastic deformation.
requently, a single detwinned variant formed at the end of
ompression test (Figs. 2(a) and 3(a)). However, if the load axis

ded during a sequence BGRBGRB of compression loads (curves numbered
(a), turning the sample ∼90◦ and compressing on the face G (curve 2 in (b)),

erpretation of the references to color in this figure legend, the reader is referred
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Fig. 3. Stress–strain curves of Cu–Al–Ni single crystal at room temperature recorded during a sequence BRGBRGB of compression loads (curves numbered
s prism ◦
e or inte
t
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equentially 1–7) starting by compression on the face B of originally austenite
tc. V1–V6 denote which variant exist in the sample at corresponding strain. (F
o the web version of the article.)

rientation was located close to the 0 0 1–0 1 1–1 1 1 symmetry
ones, two or more variants sometimes formed and it was not
ossible to obtain martensite variant single crystals even by load-
ng up to 500 MPa. This is due to the orientation and sense of
oad dependences of cubic-orthorhombic and cubic-monoclinic
ransformations in compression [8]. More information on stress-
nduced martensitic transformations in Cu–Al–Ni single crystals
n tension/compression can be found in our earlier papers [8,13].

.3. Martensite reorientation

The methodology of compression experiments on shape
emory prisms brings a real benefit namely for the research

f martensite reorientation (twinning) processes. Particularly,
hen the martensite prism obtained as a result of stress induced

ransformation at room temperature (Figs. 2(a) and 3(a)) is
urned to align a different sample face normal with the com-
ression load axis, the prism can be deformed at relatively low
tress (Figs. 2(b) and 3(b)) again. This time, although the temper-
ture has not changed, the sample deforms via twinning defor-
ation in the 2H martensite phase (martensite reorientation,
igs. 2(b)–(d) and 3(b)–(d)). For easy manipulation, three dif-
erent faces of the prism sample are denoted R, G and B accord-

ng to the red, green and blue markings on the sample faces
Fig. 1(b)). Following a closed sequence of compression loads
n different faces more than twice, quite stable responses (good
eproducibility of reorientation strains and stresses in plateaus

a
p
t
B

(a), turning the sample ∼90 and compressing on the face R (curve 2 in (b)),
rpretation of the references to color in this figure legend, the reader is referred

f the σ–ε curves) were observed. The twinning stresses usually
ecrease in the second round of compressions and remain prac-
ically constant in the third and further rounds. The stress–strain
esponses for sequences BGRBGRB (Fig. 2) and BRGBRGB
Fig. 3) in the first two rounds are presented and discussed below.
owever, there are more possibilities regarding the selection
f the compression sequences (e.g. RGBRGBR, RBGRBGR,
BRBR, RBGBG, etc.).

The compression sequence methodology partially solves an
ssential problem of the history dependence encountered in the
artensite deformation studies. As very well known to SMA

xperimentalists, any stress–strain curve of a SMA sample in
he martensite state (single crystal or polycrystal) depends very

uch on the previous deformation history (on the martensite
ariant microstructure existing in the sample prior to the test).
n order to deduce meaningful information from an experimen-
ally measured martensite reorientation stress–strain curve, the
ample state prior to the test must be well defined. Let us point
ut that simple stress free cooling does not necessarily lead to the
ell defined martensite variant microstructure. By performing

ompression sequences in closed cycles repetitively, we achieve
situation, where the martensite sample passes through multiple
ell defined states (martensite variant single crystals) existing
lways when the crystal is deformed beyond each of the stress
lateaus in Figs. 2 and 3. Martensite twinning processes (Fig. 5)
ake place at the strains within the stress plateaus (Fig. 2(b)).
y running various sequences on a single Cu–Al–Ni sample,
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Fig. 4. Orientations of the compression load axis in 2H martensite lattice coordinates during compression loads on different faces ((�) red, (�) blue, (�) green))
of prism shaped Cu–Al–Ni sample. (a) Variation of the load axis during the sequence BGRBGRB in Fig. 2 starting from G2 (compression on the green face in
martensite variant V2). Solid lines denote the discontinuous change of the load axis orientation due to twinning, dashed lines due to turning the sample on another
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ace before the next compression load. Calculated boundaries separating region
chieved with this sample (18) and calculated equistress lines for compound, ty
his figure legend, the reader is referred to the web version of the article.)

ne can measure multiple compression stress–strain curves with
ell defined starting microstructure (martensite variant single

rystals denoted V1–V6) for various load axis orientations with
espect to the orthorhombic lattice (Fig. 4). Orientation depen-
ence of twinning in 2H martensite can thus be beneficially
nvestigated using only one specimen.

Let us further on consider only the stable stress–strain
esponses and look in more detail on the twinning deforma-
ion processes in the 2H orthorhombic martensite. The twinning
rocesses are evidenced in situ by optical observation of paral-

el narrow bands of another 2H variant on the specimen surface
Fig. 5). First bands appearing beyond the knee points on the
tress–strain curves are only few micrometers wide and hun-
reds of micrometers apart. As the strain increases during the

d
d
i
i

ig. 5. Two snapshots from a video-record taken from the red face of the prism sample
xis (green) is in vertical direction. Mirror image of the twin bands is visible on pol
egend, the reader is referred to the web version of the article.)
re individual deformation modes appear are denoted. All load axis orientations
wining modes are shown in (b). (For interpretation of the references to color in

tress plateaus, the width of the existing bands increases and
ew ones appear so long the sample becomes a single crystal
f the new 2H variant. If there are two sequential plateaus on
he stress–strain curve (Fig. 2(b)), two sequential twinning pro-
esses (Fig. 5(a) and (b)) are observed in situ as moving bands
f completely different inclination.

The stress–strain curves in Figs. 2 and 3 were recorded during
wo different sequences of compression loads on the speci-

en, the dimensions of which are given in Table 1. The stress
train–curves measured are numbered sequentially. The loading

irection (face upon which the compression load is applied) is
enoted in the upper left corner in Figs. 2 and 3. The sequences
n Figs. 2 and 3 starts with compression on face B in austen-
te state, but the first sequence in Fig. 2 continues as GRBGRB

undergoing two-stage deformation in compression test (Fig. 2(b)). Compression
ished grip surfaces. (For interpretation of the references to color in this figure
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hile the second in Fig. 3 as RGBRGB. At the end of each
lateau, the sample exists in one of the six possible lattice cor-
espondent variants of the orthorhombic structure V1–V6 and
as a characteristic shape (described by six geometric parame-
ers a, b, c, α, β, γ) and crystallographic orientation (direction
osines of face normals) given in Table 1 (see [10] for details).
he geometrical parameters were systematically measured after
nloading beyond the end of the plateaus on σ–ε curves. For
emonstration, the results for the first martensite loading of the
rst sequence (compression on the green face in Fig. 2(b), vari-
nts V2, V1, V5) are compared with the results of theoretical
alculations in Table 1. The starting variant V2 reorients by
ompound twinning in the first plateau (Fig. 5(a)) into variant
1 and subsequently by type II twinning in the second plateau

Fig. 5(b)) into variant V5. Main benefit of the newly introduced
hape change measurements is that the martensite variants exist-
ng in the sample can be unambiguously determined. This was
ometimes controversial based solely on the X-ray Laue data in
arlier tensile tests [19].

The orientation of the load axis (crystallographic orienta-
ion of the normals to faces G, R, B) changes as the specimen
ndergoes twinning deformations in each stress–strain curve
nding always in the region of orientation space denoted as
lastic (Fig. 4(a)). The sample orientations were experimen-

ally measured by X-ray Laue method and compared with the
alculated values (see also [10]). Fig. 4(a) shows how the load
xis orientation varies during the sequence of compression loads
RBGRB—sequence of σ–ε curves 2–7 in Fig. 2 starting by

ompression on the green face in martensite variant V2 can be
ollowed along the path in orientation space denoted by arrows
see Fig. 4 caption for details). By applying different sequences,
eformations along multiple different load axis orientations (up
o 18) can be achieved using the same single crystal. These are
ummarized in Fig. 4(b). The figure also shows the equistress
ines calculated from resolved shear stresses (0.7 MPa for com-
ound and 7 MPa for type II twinning modes), lattice parameters
nd load axis orientations [12]. The calculations are analogical
o the Schmid factor calculations for twinning reported in [6,16].
aking into account the problems with grip constraints, the the-
retical twinning stress values reasonably agree with the exper-
mental plateau stress levels of the σ–ε curves in Figs. 2 and 3.
alculated boundaries in orientation space between regions

n which the oriented 2H martensite crystal undergoes com-
ound, type II twinning modes or remains elastic are shown in
ig. 4(b) as well. The activated twinning modes [14,15] were
xperimentally evaluated from the twinning plane orientations
etermined by the trace analysis on unloaded samples. It can be
oncluded that: (i) compound twinning mode ((1 0 1)2H twin-
ing plane) proceeds at low stress level (>1 MPa); (ii) type
I twinning (no rational twinning plane) takes place at higher
tress level (>15 MPa); (iii) type I twinning was not observed
t all.

In several hundreds of compression tests we have found only

ompound and type II twinning modes, but no type I twin-
ing. The resolved shear stresses for twinning in 2H martensite
ere earlier reported by Otani et al. [6] and Ichinose et al.

16], who observed an activity of the type I twinning in ten-

m
l
l
a

ineering A 438–440 (2006) 755–762

ion with resolved shear stress ∼20 MPa [16]. As regards its
bsence in compression, the theoretical calculations [12] show
hat the resolved shear stress for type I twinning would have to
e similar to that for the type II twinning (<8 MPa) in order to
ppear in compression. Probably this is not the case.

.4. Reverse transformation from martensite single variant
rystal upon heating

Reverse martensitic transformation taking place upon stress
ree heating of any martensite variant single crystal deserves
special attention. As follows from the DSC (Fig. 1(a)), As

emperature for the reverse transformation from martensite to
ustenite shall be approximately 285 K. However, when the
etwinned 2H martensite variant crystal was heated, the As tem-
erature appeared to be shifted up to T = ∼325 K [17] and the
ransformation proceeded so fast that the prisms tended to jump
ut of the Peltier heating stage. Of course, no microstructure evo-
ution during heating could be video-recorded. In the following
hermal cycle, the prisms transformed back to the austenite at
= 285 K in accordance with the DSC.
Since we were interested in the microstructure evolution

pon the first heating, we utilized the temperature gradient
ethod to slow down the transformation rate (upper face of the

ample was actively cooled while bottom one was heated). In
hat case, the surface pattern evolution upon heating could be

onitored. As illustrated in Fig. 6, the reverse transformation
f the martensite variant single crystal clearly proceeds via two
uccessive processes. At first, the twinned 2H martensite forms
rom the detwinned crystal via motion of the first macroscopic
nterface HP1. Next, the internally twinned martensite trans-
orms to the austenite single crystal via motion of the second
acroscopic interface HP2. The reverse transformation thus

roceeded via an apparent motion of a twinned martensite band
Fig. 6(b)) through the crystal. This is a completely different
icrostructure pattern from that observed during the thermal

radient heating in stress free thermal cycles (Section 3.1) where
nly single macroscopic interface between the twinned marten-
ite and austenite always moved. Let us only briefly comment
n this behavior. The problem with the reverse transformation
f the detwinned crystal is that no habit plane can exist between
ustenite and martensite single crystals. The reverse transforma-
ion hence proceeds first by formation of the twinned martensite
and from which the habit plane to final austenite crystal can
orm. The nucleation of the twinned martensite band (in fact

kind of “martensite twinning driven by heating”) requires
ignificant overheating of the sample above the As temperature.
owever, once the band has nucleated (making acoustic

ffects), both macroscopic interfaces move extremely fast (in
early homogeneous temperature field) through the crystal.

We believe that this “complex transformation path” from
he deformed martensite to the austenite is in fact one of the

ain reasons for various “first cycle effects”, “stabilization of

artensite by deformation”, etc. reported frequently in the SMA

iterature [20]. Since deformation in the martensite state always
eads to a partial detwinning, upward shifts of the As temper-
tures upon heating after deformation are commonly observed
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Fig. 6. Reverse transformation of the martensite variant single crystal during heating in a temperature gradient, (a) macro-view of the transforming prism sample,
(b) sketch showing the two habit plane interfaces HP1 separating the original 2H martensite single variant crystal from internally twinned crystal and HP2 between
t iled v
b
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A

he twinned martensite and austenite, (c) detailed view of the HP1, and (d) deta
y the arrow in (b).

n SMA experiments. An interesting point is that for the same
ubic-orthorhombic transformation in various Cu-based alloys,
he As temperature shifts are very different. While the upward
hift was about ∼40 K in the present Cu–Al–Ni crystals, it was
100 K in a high-temperature Cu–Al–Ni alloy or Cu–Al–Mn

lloy [17,18].

. Conclusions

Deformation and transformation processes in Cu–Al–Ni sin-
le crystals were studied using a newly developed methodology
f successive compression loads to different faces of prism
haped specimens and heating/cooling with intentional temper-
ture gradient to slow down transformation kinetics.

The method involves experimental evaluation of compression
tress–strain curves, measurement of complete shape changes
ue to transformation and twinning processes and three surface
race analysis for characterization of planar interfaces supported
y theoretical calculations of shape change, analysis of the pos-

ible twinning modes and orientation dependence of twinning
tresses. The method has been found particularly suitable for
nvestigation of the twinning processes in the 2H orthorhombic

artensite phase.

(
n
M

iew of the HP2. The twinned band moves leftwards upon heating as suggested

Among the three possible twinning processes in the 2H
artensite structure, type I, type II and compound twinning,

nly the latter two were observed in compression. The resolved
hear stresses for the type II (7 MPa) and compound twinning
0.7 MPa) differ significantly. The reported orientation depen-
ence of transformation stresses and strains for both twinning
odes complies with the Schmid law in the first approximation.
It is shown that the reverse transformation of the martensite

ingle variant crystal upon heating proceeds through a very fast
otion of a band of internally twinned martensite phase sepa-

ated from the martensite single variant crystal on one side and
ustenite on the other side by two macroscopic habit plane inter-
aces. Reverse transformation via this rather complex reverse
ransformation path (in contrast to single habit plane motion
bserved in stress free thermal cycles) requires significant over-
eating above the characteristic As temperature of the alloy.
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18] N. Zárubová, V. Novák, Mater. Sci. Eng. A 378 (2004) 216–221.
19] K. Okamoto, S. Ichinose, K. Morii, K. Otsuka, K. Shimizu, Acta Metall.

34 (1986) 2065–2073.
20] Y. Liu, Z. Xie, J. Van Humbeeck, L. Delaey, Mater. Sci. Eng. A 273–275

(1999) 679–684.


	Transformation behavior of prism shaped shape memory alloy single crystals
	Introduction
	Experiment
	Results and discussion
	Thermally induced austenite-martensite transition
	Stress-induced austenite-martensite transition
	Martensite reorientation
	Reverse transformation from martensite single variant crystal upon heating

	Conclusions
	Acknowledgements
	References


