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a b s t r a c t

CoNiAl alloys are a new class of shape memory alloys, which exhibit pseudoelastic strains as high 6%
over a broad range of temperatures. Based on the crystallographic lattice constants, a substantial volume
change upon transformation is expected at the mesoscopic level, yet it has not been measured previously.
Transformation strains are established in three mutually orthogonal directions in the [0 0 1]-oriented
CoNiAl single crystals under compression. Experiments reveal that the transformation volume change
is approximately 2% based on determination of strains on transformed and untransformed locations.
eywords:
olume change
seudoelasticity
ritical stress
hase transformation

Despite the high volumetric strain, the pseudoelastic stress–strain response represents full recoverability
with small stress hysteresis. Additional factors that influence pseudoelasticity behavior are discussed
particularly the Md − Af interval and the flow resistance, which are both higher for CoNiAl compared to
other shape memory alloys.

© 2010 Elsevier B.V. All rights reserved.

igital image correlation
ysteresis

. Introduction

New shape memory alloys such as CoNiAl have considerable
otential, exhibiting a wide pseudoelastic window, small hysteresis
nd high temperature recoverability [1–4]. It is important to under-
tand the reasons for the favorable response of CoNiAl despite the
ubstantial volumetric strain. In previous work, both compressive
esponse and tensile behavior [1] with large pseudoelastic strains
ear 6% under tension and 3.5% in compression have been reported.
he outstanding feature of CoNiAl is that it undergoes a finite vol-
me change while traditional shape memory materials exhibit very
mall volume change during the transformation [5]. It is well known
ating back to Hornbogen and Skrotzki [6] that volume change
hould curtail the shape memory effect. Hornbogen also identi-
ed the transformation shear and plastic flow resistance as two
ther factors. These two factors are manifested via the magnitude
f the transformation shear vector b, and also the high Md tem-
eratures (Md is the temperature above which martensite cannot
e stress-induced) relative to the austenite finish temperature Af.

ross plastic deformation with irreversible plastic strains dominate

he mechanical response at temperatures above Md. Therefore, the
igher the Md temperature, the austenite to martensite transforma-
ion could occur at temperatures sufficiently lower than Md with

∗ Corresponding author. Tel.: +1 217 333 4112; fax: +1 217 244 6534.
E-mail address: huseyin@uiuc.edu (H. Sehitoglu).

921-5093/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2010.12.056
limited irreversibilities. Other factors that govern superior SMAs
have been proposed more recently [7], one is the intermediate value
of the eigenvalue of the lattice transformation tensor. It is known
that if the intermediate eigenvalue of the transformation tensor
is unity then the austenite–martensite interface is twinless and
smaller number of interfaces develop. The reduction in the number
of interfaces lowers the dissipation under transformation [8].

A schematic of factors that are important in design of shape
memory alloys is given in Fig. 1. In Fig. 1(a) the austenite to marten-
site transformation is depicted with no volume change, the habit
plane normal, m, and the transformation shear direction, b, are
orthogonal. The magnitude of b is the transformation shear. The
det U = 1 (the determinant of the lattice transformation tensor) cor-
responds to no volume change. On the other hand, in Fig. 1(b), the
transformation occurs with a volume change, in this case det U /= 1,
and m and b are no longer orthogonal. In Fig. 1(c), the critical stress
versus temperature is shown for a typical shape memory alloy.
We note the two separate critical stress curves for martensite. The
lower one for temperatures below Ms represents the reorientation
and detwinning of the martensite (self-accommodated martensite
is formed upon cooling). The upper curve represents the intrin-
sic resistance of martensite to slip and deformation twinning. The
intrinsic martensite resistance is not the reorientation/detwinning

curve (black curve below Ms) that is sometimes (and erroneously)
classified as the martensite flow stress. The austenite slip resistance
is shown in the same figure at temperatures above Md. The higher
the Md, the higher the slip resistance of the austenite. The increase

dx.doi.org/10.1016/j.msea.2010.12.056
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:huseyin@uiuc.edu
dx.doi.org/10.1016/j.msea.2010.12.056
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ig. 1. (a) Schematic of transformation geometry in the presence of pure shear defo
ector b, (c) increase in strengthening of the austenite phase limits slip and increas

n Md to M′
d increases the pseudoelastic temperature interval. To

chieve superior pseudoelastic properties the Md − Af differential
hould be high (consequently allowing pseudoelasticity over a wide
emperature range); in addition the elevation of austenite and

artensite flow stresses facilitates the occurrence for pseudoelas-
icity.

Another important factor is the ordering of the alloy as pointed
ut by Ahlers [9]. Most of the engineering shape memory alloys
re fully ordered (the order parameter is one). When the alloy is
rdered there is a unique pathway for the material to transform
ack and forth. In the case of CoNiAl, despite the large volume
hange the material exhibits remarkable pseudoelastic (PE) strain
nd full recoverability [1–4].

We provide a summary of the det U, transformation shear, the
ntermediate eigenvalue of the lattice transformation tensor, the

d and Af temperatures and the maximum reversible strains for

he well known shape memory alloys in Table 1. We analyzed NiTi
cubic to monoclinic) [10], NiTi (cubic to orthorhombic R) [11],
iTiCu (cubic to monoclinic or cubic to orthorhombic depend-

ng on Cu content) [12], CuZnAl (cubic to 18R) [5], CuNiAl (cubic
o orthorhombic) [5], FeNiGa (cubic to tetragonal) [14], FeNiCoTi

ig. 2. (a) The unit cells for the austenite to martensite transformation of CoNiAl. The c
e a0 = 2.85 Å in agreement with Oikawa et al. [16]. The martensitic constants are c = 3.8
ustenite matrix, martensite plates and the secondary (�) phase [1,2].
ion, (b) shear and volumetric expansion, lattice invariant shear is the magnitude of
and transformation reversibility.

(cubic to tetragonal) [15], and CoNiAl (cubic to tetragonal) [1–4].
The results in Table 1 represent all the shape memory alloys stud-
ied by Sehitoglu and co-workers over the years [1,2,4,10–15]. The
volume change is small for most shape memory alloys in our list
with the exception of CoNiAl. Particularly, we note that in Ni and
Cu based shape memory alloys the volume change is consider-
ably smaller than in CoNiAl [1,2,4,10–14]. The theoretical volume
change for CoNiAl is as high as 1.8% (using lattice constants from
[3]), whereas its magnitude is −0.6% for NiFeGa, −0.35% for NiTi,
and lower for most SMAs highlighted in Table 1.

Depending on the alloy there are different number of lattice
correspondences, for NiTi the number is twelve while for CoNiAl
it is three. The U tensors are constructed from these correspon-
dences and the det U is the same for a given alloy by choosing one
of the three to 12 tensors. To determine the transformation shear,
we calculate the habit plane and transformation direction for each

material and then the magnitude of the vector b is determined. We
note the magnitude of b is in the range 0.0958–0.23. The procedure
for all calculations is described in Refs. [10,11].

The CoNiAl alloys posses a remarkably high Md − Af differential
(only next to NiFeGa) and a transformation shear smaller than most

ubic constant has been established from diffraction measurements in our work to
75 Å and a = 3.139 Å from [3], (b) Typical microstructure of CoNiAl alloys showing
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Table 1
A summary of shape memory alloys showing the det U, and temperatures, critical stress (austenite) and maximum transformation strain obtained based on lattice parameters
measurements. Experimental values, *, are shown when the theoretical values cannot be reached by experiment.

Shape memory alloy det U Intermediate
eigen strain

Transformation
shear

Temperature
hysteresis (◦C)

Critical stress
(A) MPa

Md/Af

Temperatures
(◦C)

Maximum
transformation
strain

Tension Compression

NiTi (cubic to
monoclinic) [10]

0.9965 0.9962 0.13 ∼30 700–900 (C) 75 to 140/−10
**,#

0.105 −0.064

NiTi (cubic to
orthorhombic R) [11]

0.99705 1.0216 0.026 ∼2 – – 0.0017 to 0.0051 −0.0026 to −0.0052

NiTiCu (cubic to mono-
clinic/orthorhombic)
[12]

1.0008
1.0128++

0.9895
0.9986++

0.1438
0.097++

∼10 500 (C) 100/50 0.0939, −0.057 −0.061, −0.0415

CuZnAl (Cubic to 18R)
[5]

0.997
(exp.)

– 0.23 ∼10 – 30/−25 0.09 −0.09

CuNiAl (cubic to
orthorhombic) [5]

0.997 1.023 0.0958 ∼30 – – 0.062 −0.082

FeNiGa (cubic to
tetragonal) [14]

0.994 0.9354 0.1267 ∼2 900 (T) 340/30 0.14 −0.062

FeNiCoTi (cubic to
tetragonal) [15]

1.0032 1.097 0.1823 ∼200 850 (T) 475/10 0.03* −0.015*

CoNiAl (cubic to 1.018 0.9614 0.0975 ∼20 1000–1700 (C) 500/0 to 40# 0.06* −0.033*

( ckel-r
d A) – A

s
s
d
C
o
i
t
i
r

d
e
t
c
c
u
b
s
r

F
a

tetragonal) [1–4]

*) denotes experimental values, (++) cubic to mono/orthorhombic twinless, (**) ni
epends on the composition and heat treatment, (C) – compression, (T) – tension, (

hape memory alloys. For NiTiCu we provide the transformation
hear for both the monoclinic and orthorhombic cases. The Md − Af
ifferential is rather small for some of the SMAs (such as in FeNi-
oTi) while it is very wide for FeNiGa permitting pseudoelasticity
ver a broad range of temperatures. The critical stress for austen-
te at the Md temperature is also provided. We note that obtaining
he martensite critical stress (due to mechanical twinning or slip)
s far more difficult because the specimen often fractures prior to
eaching the martensite flow stress.

In summary, the CoNiAl represents a very unique system that
efies the conventional criteria for superior shape memory prop-
rties. We explore, in this study, one aspect of this anomaly, namely
he volumetric strain change. The use of single crystals allows pre-
ise separation of elastic and transformation strains, since elastic
onstants are also measured. The use of single crystals also results in
niform strain regions, with no intergranular constraint, separated
y a transformation front. This sets the stage for precisely mea-

uring the volumetric strain during phase change in transformed
egions.

ig. 3. (a) A photograph of the experimental setup to measure strains on two surfaces of
re mounted on the lenses), (b) Schematic indicating the specimen dimensions and the su
ich near equiatomic (composition dependent), (–) rhombohedral angle = 89.4◦ , (#)
ustenite.

2. Crystallographic background

The CoNiAl alloys undergo a cubic �-phase (B2) to face centered
tetragonal austenite (L10) transformation. Consequently, three
variants are involved in the transformation. The three lattice corre-
spondences (orientation relationships) are shown in Fig. 2(a). The
tetragonal unit cell is shown within the cubic supercell on the left.
In Fig. 2(a), the Al atoms are at the corners and Co and Ni atoms are
in the middle faces. The lattice constants for the cubic phase and
for the face centered tetragonal phase are given in the caption to
Fig. 2.

There are three lattice correspondences in this case described by
the three lattice deformation tensors. The transformation stretch
tensor relates the martensite lattice to the austenite crystal.
The number of lattice transformation stretch tensors depend on
the symmetries between the two lattice and their determinants
would be the same for any of the matrices. Precise measurements

of lattice constants are given recently by Maziarz et al. [3] as
a0 = 2.85 Å, a = 3.875 Å, c = 3.139 Å. Then, the first transformation

[0 0 1] compression specimens (the induction coils are used for heating, ring lights
rfaces investigated.
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Fig. 4. (a) Pseudoelastic response of [0 0 1]-oriented CoNiAl crystals (T = 50 ◦C) in
compression in normal direction (εyy); an expanded view of the plateau region with
transformed and untransformed domains are shown in Fig. 5. The loading direction
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adjusted until the difference in pixel intensity between the refer-
s marked with an arrow. (b) Pseudoelastic response of [0 0 1]-oriented CoNiAl crys-
als (T = 50 ◦C) in compression in transverse direction (εxx);an expanded view of the
lateau region with transformed and untransformed domains are shown in Fig. 5.
he loading direction is indicated with an arrow.

tretch tensor is given as U1 =
[

� 0 0
0 � 0
0 0 �

]
where the lattice con-

tants define the terms � = a√
2a0

= 0.9614, � = c
a0

= 1.1014. Then,

1 =
[

1.014 0 0
0 0.9614 0
0 0 0.9614

]
. The determinant of this tensor

=1.018) provides a measure of lattice volume change, which is
.8% (also see Table 1). In view of this background, we embarked
n an experimental corroboration of the volumetric strain during
he deformation experiments. We separate the elastic contribu-
ions to the volumetric strain that arises from external stresses and
btained consistent measurements upon repeated experiments.

The microstructure of CoNiAl is shown in Fig. 2(b). It consists of

cobalt rich � phase and the � matrix (austenite). Due to the exis-

ence of the secondary phase ‘networks’ within the matrix as shown
n Fig. 2(b), we need to emphasize that the austenite is indeed a sin-
le crystal with the same crystallographic orientation throughout
gineering A 528 (2011) 2875–2881

the samples tested. The scale bar shown is 100 �m in Fig. 2(b). The
martensite plates are marked within the austenite phase. The �
phase does not undergo phase transformation. This microstructure
is typical of CoNiAl examined in early studies, the role of heat treat-
ment on transformation temperatures have been studied earlier
[1,2,4].

3. Experimental procedure

Single crystal Co36–Ni35–Al29 (at.%) samples were grown
using the Bridgman technique in an inert environment. The
dimensions of the rectangular (compression) specimens were
4 mm × 4 mm × 10 mm. The [0 0 1] orientation was selected for
experiments because of the simpler definition of elastic constants,
and ease of orthogonal measurements. The [0 0 1] orientation
undergoes limited slip because of the lack of easily activated slip
systems. This was confirmed in early studies [1,2]. Based on dif-
ferential scanning calorimetry results at annealing temperatures
of 1200 ◦C, 1275 ◦C and 1350 ◦C for annealing times varying from
0.5 h to 48 h, we selected the 1200 ◦C 36 h heat treatment. For
this heat treatment the austenite finish temperature is 40 ◦C while
the martensite start temperature is 10 ◦C. The material exhibits
pseudoelasticity to maximum strains of 6% in tension and 3.3%
in compression. In the current work, we conducted cyclic loading
experiments in compression with stable stress–strain curves and
transformation strains of the order of 3.3%. The lattice constants
have been originally reported by Oikawa et al. [16] and detailed
measurements were provided recently by Maziarz et al. [3].

The current work is focused on characterizing the spatial and
temporal strain changes of phase transformations and specifically
the computation of the volumetric strain. The digital image cor-
relation (DIC) was used to obtain full-field strain measurements.
We utilized a two lens camera system to simultaneously monitor
the vertical, transverse and thickness strains. The setup is shown
in Fig. 3. The strains are monitored during the entire loading and
unloading. Elastic and transformation strains were extracted from
uniformly deformed domains, and the volumetric strains were
computed as described later.

In-situ mesoscopic observations were used to investigate the
evolution of the transformation. Images were captured with an
IMI model IMB-202FT CCD camera (1600 × 1200 pixels). A Nav-
itar optical lens was used for macroscopic observations at low
magnification, which resulted in a resolution of 135 pixels/mm.
DIC was performed on images of approximately 1.6 mm × 5 mm
regions of interest to determine the local strain fields during loading
and unloading. Full-field measurements of both in-plane displace-
ment components were obtained using DIC. The DIC technique
measures displacement fields by tracking features on the speci-
men surface with a random speckle pattern. Speckle patterns were
applied to the surface of polished specimens using an Iwata Micron
B airbrush. To perform DIC, a region of interest is selected in the
reference image and divided into small square regions called sub-
sets. Each subset represented a square region of approximately
200 �m × 200 �m. Approximately 17,000 subsets were used to cre-
ate the strain fields presented. The average pixel intensity in each
subset is calculated, and regions with the same intensity are sought
in the deformed image. In order to find the location of a deformed
subset and its shape change, optimization techniques are employed
in which values of displacement and linear displacement gradi-
ents of a subset are obtained. For each subset, these values are
ence and deformed subsets is a minimum. Including higher order
displacement gradients had an insignificant effect on the results.
The resulting displacement field is then differentiated to obtain
the strain field according to a central difference scheme. The nom-
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nal strain was calculated by averaging the DIC strain field. The
train fields are subsequently used to determine the fraction of each
hase. This is done by comparing the measured strain to theoretical
alues of strain having accounted for an approximate elastic strain
nd the transition region between the two phases. Commercially
vailable software (Vic2d) from Correlated Solutions was used to
erform the image correlation and the strain calculations.

. Experimental results

The mechanical response of the CoNiAl alloy at 50 ◦C is shown
n Fig. 4(a) and (b). The single crystal alloy oriented in [0 0 1] direc-
ion is subjected to compression. In Fig. 4(a) the stress–axial strain
esponse is shown, and in Fig. 4(b) stress–lateral (in xx direction)
train is plotted. In the initial elastic region, we note that some
nhomogeneity is observed during elastic deformation (Fig. 4(b)
rst image). This is believed to be due to the presence of the sec-
ndary phase structure. The transformation starts at a stress level
ear 185 MPa and proceeds over a near plateau region. The defor-
ation occurs by the growth of a single variant (shown as a green

and in Fig. 4(a) and as a red band in Fig. 4(b)) that nucleates in
he middle of the sample and interfaces grow towards the ends of
he specimen. These transformed regions undergo an axial strain of
.9%. Upon loading above 4% axial strain the transformed regions
ndergo elastic deformation (shown as yellow and red regions in
ig. 4(a)). Upon unloading reverse transformation occurs in such a
ay that the region that transformed last now undergoes reverse

ransformation first. The path of the transformation front upon
eversal was not identical to the forward transformation case, as
oted in the strain fronts.

The strain fields in the austenite and transforming domains
t the plateau stress are shown in Fig. 5. In Fig. 5(a)–(c), the
ransformed regions are at the right of each figure. The interface
eparating the untransformed region is diagonal and approxi-
ately in the middle of each DIC image. For example, in Fig. 5(a)

he strains in the loading direction in the untransformed and
ransformed regions are −3.95% and −1.1% respectively. We note
hat as the transformation front proceeds, elastic accommodation
ccurs with a nearly linear transition zone from the transformed to
ntransformed (elastic) domains. If there was evidence of accom-
odation via plastic flow in the vicinity of the interfaces, this would

ave been apparent from the strain contours.
As the loading is increased the martensite domains grow in

xpense of the austenite until a fully martensitic structure is
eached. It is important that the strain measurements are made far
way from the interfaces where there is a transition-elastic accom-
odation zone. Consequently, we made these measurements in

he transformed states away from the phase boundaries to avoid
ocal variations in the strain fields. Even in these cases, the strain
elds may not be entirely uniform because of secondary phases
nd the dendritic structure. The DIC is capable of detecting these
mall variations, therefore average strains from multiple areas
approximately 10 regions) were obtained to compute the elastic
nd transformation strains. A method of measuring the volumetric
train (�V/V) has been developed as follows. The strain compo-
ents εxx, εyy and εzz are the axial strain, transverse and thickness
train components respectively (for the martensite phase). The
olumetric transformation strain is determined by removing the
lastic contribution to the volumetric strain (in the martensite
hase) and assuming plastic incompressibility,

�V �V

V/V tr =

V
−

Vel
(1)

here �V/V, �V/Vel are the total and elastic component of
he volumetric strain and are determined experimentally as

V/V = εyy + εxx + εzz and �V/Vel = εel
yy + εel

xx + εel
zz respectively. For
gineering A 528 (2011) 2875–2881 2879

the case of CoNiAl, we note the difference in the elastic strains
in the martensite and austenite (moduli for the martensite is
45 GPa compared to 20 GPa for austenite, see Fig. 4). We also
note that the unloading curves have some non-linearity, therefore
the unloading curve is idealized as linear (using a secant modu-
lus) until reverse transformation. The elastic constants are then
determined from repeated experiments. In some of the experi-
ments, the loading and unloading portions overlapped better and
it was easier to define an elastic modulus for martensite. In the
case of a tetragonal phase we can describe the elastic constants
as

{
εel

yy εel
xx εel

zz

}
=

{
S11 S12 S13

}
�. In our case, based on the

experimental measurements (unloading behavior of the marten-
site in yy, xx and zz directions), we established

{
S11 S12 S13

}
as

{
0.022 − 0.01 − 0.01

}
GPa−1. Using an applied stress of

250 MPa (conclusion of the plateau), the contributions of elastic
strains are −0.0055, 0.0025, 0.0025 respectively. Then, the total,
elastic, and transformation strains in our experiments are summa-
rized below resulting in �V/Vtr = 0.0205.

εyy

εxx

εz

=
{ −0.039

0.031
0.028

}
,

εel
yy

εel
xx

εel
zz

=
{ −0.0055

0.0025
0.0025

}
,

εtr
yy

εtr
xx

εtr
zz

=
{ −0.0335

0.0285
0.0255

}
⇒ �V/V tr=0.0205

(2)

We note that the elastic strain contribution is rather small
compared to the overall strains measured (less than 2%). Our
measurements show that the total strain change is 2% and the
volumetric elastic strain is −0.05% resulting in a tensile transfor-
mation volumetric strain of 2.05%. These experimental procedures
represent a novel approach for studying transformation strain com-
ponents.

The theoretical transformation strain in [0 0 1] compression is an
important measure for CoNiAl, the magnitude is εtr

yy theory = −0.033
based on our early calculations [1,2]. The experiments presented
here point to εtr

yy = −0.0335. Also, the theoretical volumetric strain
is reported to be of the order of 0.018 (1.8%) that is in good agree-
ment with experiments 0.0205 (∼2%).

5. Discussion of results

Stress-induced transformations have been a subject of numer-
ous investigations and many of the basic principles of the austenite
to martensite transformation are well understood. Under an
imposed stress, austenite transforms to martensite, accompanied
by an associated change in shape based on shear-like displace-
ments. The reversibility of a transformation is important in cyclic
loading applications, but the factors that govern this reversibility
are still not well understood. For example, a volume change needs
to be accommodated at the austenite and martensite interfaces and
this has been suggested as an indicator of reversibility. In the case
of CoNiAl, since a volume increase is associated with the transfor-
mation, tensile stress provides additional space to accommodate
this volume expansion, lowering the activation energy required for
the transformation. Clearly, in the case of CoNiAl the conventional
wisdom associated with reversible transformation does not hold
and this requires further study. This understanding is of signifi-
cant importance in designing materials with improved fatigue and
fracture resistance, and in shape memory applications.

We note that when the transforming region (martensite) is
constrained by surrounding austenite grains, as in polycrystalline
materials, the transformation shear strains hence the shape change,
is reduced. In the experiments reported here, the specimens are

single crystals rendering a transformation that is unconstrained
producing a large macroscopic shape change. The plastic strains
are insignificant in the [0 0 1] orientation. If another orientation
was studied there could be individual plastic strain components,
but �V/Vp = 0 is expected for other cases as well.
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ig. 5. Local strain measurements in untransformed and transformed regions (εyy ,εx

orrespond to transformed regions and the lower strain plateaus represent the untr
ote that the strain scale differs among the three images.

Three investigations reported lattice constants for the CoNiAl to
haracterize the cubic to tetragonal transformation [2,3,16]. In all
hree cases the lattice constants result in a positive volume change,
nd also in our early work considerable tension-compression asym-
etry has been observed consistent with the positive volume

hange. Admittedly, it is notable that a material with a large volu-
etric strain presents such a remarkable degree of recoverability.

his points to rethinking some of the earlier requirements for
hape memory particularly for phases that are resistant to plas-
ic deformation and allow elastic strain accommodation. We feel
hat there are additional factors that need further consideration in
election and design of shape memory alloys. One of them is the
ifference between the Md temperature and the Af temperature.
icrostructures, crystal lattices and heat treatments that raise the
d temperature result in increase in slip resistance. The CoNiAl
lloys exhibit an unusually high Md temperature as evidenced by
revious work [4,18]. A comparison of critical stress in compres-
ion versus temperature is made in Fig. 6 for NiTi and CoNiAl. For
ach case two orientations are shown, the [0 0 1] orientation is hard
o slip while other orientations can undergo dislocation slip under
trains); the loading direction in the images is also shown. The higher strain plateaus
med regions. In the untransformed regions the strains represent the elastic strains.

applied loading. The difference, Md − Af, is of the order of 500 ◦C in
CoNiAl (Table 1 and Fig. 6) while this interval is less than 125 ◦C in
NiTi (blue arrow). Recently, we reported an Md − Af interval near
500 ◦C for multiple crystal orientations of CoNiAl (red arrow) as
shown in Fig. 6 based on the results of Chumlyakov and co-workers
[4,17,18]. This difference is also manifested in the lower slope of the
Clausius–Clapeyron curve, measured as 1.25–3 MPa/◦C for CoNiAl
shown in Fig. 6 while this value is of the order of 6 MPa/◦C for the
50.6%Ni–Ti alloys in Fig. 6.

Another factor, which is related, is the flow strength of the
austenite and martensite phases (critical stress for dislocation slip)
with respect to the transformation (austenite to martensite) stress.
The critical stress for austenite exceeds 1600 MPa for the CoNiAl
[0 0 1] case, and 1000 MPa for the [1 2 3] case as shown in Fig. 6.
On the other hand the NiTi alloys exhibit a lower austenite stress,

1100 MPa for [0 0 1] and 700 MPa for the [1 1 2] case.

The values of volumetric transformation strain upon comple-
tion of the stress-induced transformation were found to be −0.34%
in NiTi [10]. We note that there are two components influencing
the tension-compression asymmetry in shape memory alloys. The
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ig. 6. Critical stress (in compression) versus temperature comparison of CoNiAl and
iTi alloys showing clearly the Md − Af intervals for CoNiAl and NiTi. The horizontal
rrows depict the Md − Af intervals [18].

rst is the low symmetry of the habit planes and the second is
he volumetric strain. Depending on the habit plane direction, the
ension-compression asymmetry effect due to shear can be sub-
tantial surpassing the volumetric strain effects. As the volumetric
train becomes positive, tensile loading would facilitate transfor-
ation while compressive loading will hinder transformation [17].
any of the current models are not expected to reproduce the high

evels of tensile-compressive asymmetry reported for CoNiAl alloys
nd this requires further consideration.

. Conclusions

Based on experimental findings, we draw the following con-
lusions: The use of novel experimental techniques, and the

esoscopic resolution of the local strains in transformed and

ntransformed regions, allows for accurate calculation of the vol-
metric strains of ∼2% in this alloy consistent with the theoretical

evels of 1.8%. The axial transformation strain in compression
xperiments is −0.0335, which is similar to the theoretical value of

[
[

gineering A 528 (2011) 2875–2881 2881

−0.033. Large volumetric strains do not preclude CoNiAl from pseu-
doelastic response with full recoverability. Factors that contribute
to pseudoelasticity are the plastic slip resistance of the austenite
and martensite, the high Md temperature, and lower magnitude
of transformation shear. CoNiAl possesses an exceptional high Md
temperature relative to Af (near 500 ◦C) compared to other shape
memory alloys. Its austenite strength is also considerably higher as
compared to NiTi alloys.
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