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bstract

In the present study the effects of crystal axis orientation, stress state (tension/compression) and test temperature on shape memory effect
nd superelasticity of Ni54Fe19Ga27(I), Co40Ni33Al27(II), Co49Ni21Ga30(III) (numbers indicate at.%) single crystals were investigated. The shape
emory effect, the start temperature of superelasticity T1 and the mechanical hysteresis �σ were found to be dependent on crystal axis orientation

nd stress state. Superelasticity was observed at T1 = Af (Af, reverse transformation-finish temperature) in tension/compression for [0 0 1]-oriented
i–Fe–Ga crystals and in compression for [0 0 1]-oriented Co–Ni–Ga crystals, which all displayed a small mechanical hysteresis (�σ ≤ 30 MPa).

n increase in �σ of up to 90 MPa in the Co–Ni–Al and the Co–Ni–Ga crystals lead to stabilization of the stress-induced martensite, and an

ncrease in to T1 = Af + Δ. The maximal value of Δ (75 K) was found in [0 0 1]-oriented Co–Ni–Al crystals in tension. A thermodynamic criterion
escribing the dependencies of the start temperature of superelasticity T1 on crystal axis orientation, stress state and the magnitude of mechanical
ysteresis is discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In ferromagnetic alloys undergoing thermoelastic martensitic
ransformations (MT), large recoverable strains can be induced
ot only by mechanical stress and temperature, but also by
constant magnetic field. Ni2MnGa alloys have been studied

xtensively as these exhibit the magnetic shape memory effect
1–4]. The phenomena of magnetoplasticity and magnetoelas-
icity was also experimentally established in [0 0 1]-oriented
i2MnGa single crystals under simultaneous action of external

tress and magnetic field [1]. However, these alloys have low
Please cite this article in press as: Y. Chumlyakov et al., Mater. Sci. Eng. A

lasticity and are brittle under tension/compression when the
igh-temperature phase is present [1–3]. Recently developed fer-
omagnetic Co–Ni–Al, Co–Ni–Ga and Ni–Fe–Ga alloys provide
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or good plasticity of the high-temperature phase as compared
o Ni2MnGa alloy and are considered as promising materials
or various applications that make use of the magnetic shape
emory effect, magnetoplasticity or magnetoelasticity [4–8].
or realization of large recoverable strain under the simultaneous
ction of external stress and magnetic field, the ferromagnetic
rystals should combine low detwinning stresses in martensite,
igh magnetocrystalline anisotropy, small thermal and mechan-
cal hysteresis and a high yield stress of the high-temperature
hase [1]. However, a systematic study of the thermoelastic MT
nder cooling/heating and applied stress is still lacking for devel-
pment of new ferromagnetic alloys of Co–Ni–Al, Co–Ni–Ga
nd Ni–Fe–Ga. Thus, the main purposes of this work was to
nvestigate the effect of stress state (tension/compression) on the
(2007), doi:10.1016/j.msea.2007.02.146

tress-induced MT, shape memory effect (SME) and superelas-
icity (SE) in new ferromagnetic Ni54Fe19Ga27, Co40Ni33Al27
at.%) single crystals stressed along the [0 0 1] direction and
o study the influence of crystal axis orientation on the

dx.doi.org/10.1016/j.msea.2007.02.146
mailto:chum@phys.tsu.ru
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Fig. 1. Cycle loading–unloading curves in [0 0 1] oriented type I (a) and type II
(b) crystals under tension. Each loading–unloading curve was followed by heat-
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forementioned functional properties in Co49Ni21Ga30 (at.%)
ingle crystals under compression.

. Experimental procedure

Single crystals of Ni54Fe19Ga27, Co40Ni33Al27, Co49
i21Ga30 (at.%) were grown by the Bridgman technique in

n inert gas atmosphere. In the following these alloys will be
eferred to as type I (Ni–Fe–Ga), type II (Co–Ni–Al) and type
II (Co–Ni–Ga) crystals. Electro-discharge machining was uti-
ized to cut regular dog-bone shaped flat tensile specimens with
ominal dimensions of 16 mm × 2.5 mm × 1.5 mm in the gauge
ection and rectangular compression specimens with nominal
imension of 3 mm × 3 mm × 6 mm. Mechanical grinding fol-
owed by an electrochemical polish (210 ml H3PO4 + 25 ml
r2O3 at T = 293 K, U = 20 V) were employed to remove any
rocessing-affected surface layer. The orientation of the crystal
xis was determined in the austenitic state with a DRON-3 X-
ay diffractometer an Fe K� radiation. The type I and type III
ingle crystals were investigated in the as-grown state. The high-
emperature phase of these crystals (without heat treatment) was
ound to have a L21 structure. The type II single crystals were
eated at 1623 K for 10 min and then water-quenched. After ther-
al treatment, the high-temperature phase of the type II crystals

as a two-phase (B2 + �)-structure [5]. The high-temperature
hase of the crystals can directly transform to the L10 marten-
ite or via intermediate martensitic phases [5–7]. The electrical
esistance method was utilized for determination of the for-
ard transformation start temperature Ms during cooling and

he reverse transformation finish temperature Af during heat-
ng (Table 1). Intermediate martensitic transformations were
ot detected by the electrical resistance method. Mechanical
ests in the temperature interval 300 K ≤ T ≤ 673 K were con-
ucted in vacuum ∼10−1 Pa. For test in the temperature interval
7 K ≤ T ≤ 300 K liquid nitrogen or a mixture of ethyl alcohol
ith liquid nitrogen was employed.

. Experimental results
Please cite this article in press as: Y. Chumlyakov et al., Mater. Sci. Eng.

Fig. 1 displays tensile stress–strain curves for the [0 0 1]-
riented type I and type II single crystals. In order to measure the
ME magnitude, tensile (or compression) tests at T ≤ Ms were

nterrupted at a given strain, then the load was removed and the

y
t
a

able 1
haracteristic temperatures of the B2(L21)–L10 martensitic transformations and mec

hemistry (at.%) Ms (K) Af (K) Orientation Deformation
mode

i54Fe19Ga27 (type I) 268 281
[0 0 1] Tension

Compression

o40Ni33Al27 (type II) 266 298
[0 0 1] Tension

Compression

o49Ni21Ga30 (type III) 235 260
[0 0 1] Compression
[0 1 1] Compression
[1̄ 2 3] Compression
ng up to T > Af. The maximum recoverable strain ε0 is defined as the magnitude
f the SME.

amples were heated to T > Af. The SME strain is defined as the
aximal recoverable strain level ε0 obtained. Values of the SME

train for [0 0 1]-oriented crystals of type I and II and for [0 0 1]-,
0 1 1]-, [1̄ 2 3]-oriented type III crystals under compression are
iven in Table 1.

Figs. 2–4 show the SE deformation and the dependence of
A (2007), doi:10.1016/j.msea.2007.02.146

ield stress (σ0.1) on test temperature for [0 0 1]-oriented crys-
als of type I (Fig. 2), type II (Fig. 3) under tension/compression
nd for [0 0 1]-, [0 1 1]-, [1̄ 2 3]-oriented single type III crys-

hanical and functional properties of the type I to III single crystals

α = dσ0.1/dT
(MPa/K)

Temperature interval
of SE, �TSE

(K ± 5 K)

Superelasticity,
εSE

(% ± 0.5%)

Shape memory
effect, ε0

(% ± 0.5%)

1.8 390 7.0 8.1
2.9 100 4.2 5.1

0.6 220 3.9 6.5
2.1 105 2.3 3.7

1.0 150 2.5 6.7
2.1 130 3.8 4.9
2.5 115 2.3 4.5

dx.doi.org/10.1016/j.msea.2007.02.146
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ig. 2. Deformation behavior of [0 0 1]-oriented Ni54Fe19Ga27 single crystals u
urve at T = 298 K; �σ is mechanical hysteresis; (c) temperature dependence o
emperature interval (�TSE) under tension and compression, respectively.

als (Fig. 4) under compression. The temperature T1 (the start
emperature of SE) was defined as the temperature for the appear-
nce of the first perfect SE loop. The finish temperature of the
SE window” T2 was determined as the temperature for the
ppearance of the first open SE loop. The temperature inter-
al of SE is defined as �TSE = T2 − T1. The strain associated
ith superelasticity (εSE) was defined as the maximal recover-

ble strain level during the stress-induced MT. The mechanical
ysteresis �σ was determined as the stress difference between
orward and reverse stress-induced transformation at the middle
f the SE curve. Values of εSE and the SE temperature interval
TSE for all crystals are summarized in Table 1. In tension along

he [0 0 1] direction, SME and SE of the type I single crystals are
0 = (8.1 ± 0.5)%, εSE = (7.0 ± 0.5)%. In compression the corre-
ponding values (ε0 = (5.1 ± 0.5)% and εSE = (4.2 ± 0.5)%) are
ignificantly lower than those obtained in tension. The exper-
mentally observed values for ε0 in tension and compression
Please cite this article in press as: Y. Chumlyakov et al., Mater. Sci. Eng. A

oincide with the theoretical values of lattice deformation of the
21(B2)–L10 MT for the [0 0 1] orientation (∼9% in tension,
5% in compression [5,8]). In [0 0 1]-oriented type II crystals

he values of ε0 = (6.5 ± 0.5)% and εSE = (3.9 ± 0.5)% in tension

h
c
b
t

ig. 3. Deformation behavior of [0 0 1]-oriented Co40Ni33Al27 single crystals under t
urve at T = 353 K; (c) temperature dependence of yield stress σ0.1.
ension and compression: (a) tension SE curve at T = 284 K; (b) compression SE
stress σ0.1; T1 and T2 are the temperatures of the onset and the end of the SE

re lower than in the type I crystals. This is attributed to and the
resence of �-phase precipitations in the type II crystals that do
ot undergo a martensitic transformation.

For all investigated crystals, the temperature dependence
0.1(T) can be divided into three regimes (Figs. 2c, 3c, 4d).

n the first regime at T < Ms, the magnitude of σ0.1 grows with
ecrease in test temperature and is connected with the begin-
ing of reorientation of the self-accommodated structure of the
10-martensite into a single crystal of martensite [9]. The min-

mum value in the σ0.1(T)-dependence corresponds to the Ms
emperature. Figs. 2c and 4d show that the stress σ0.1(Ms) is
ot dependent on crystal axis orientation and on the stress state.
0.1(Ms) always has a low value of around 4–5 MPa for the type
and type III crystals. In the type II crystals, which contain �-
articles, the corresponding stresses are 28–40 MPa (Fig. 3c).
or single-phase Ti-51.0 at.%Ni alloy, the magnitude σ0.1(Ms)
as been reported to be 170 MPa [10], which is substantially
(2007), doi:10.1016/j.msea.2007.02.146

igher than the values for any of the present crystals. This indi-
ates that the friction force associated with the movement of twin
oundaries in martensite is much lower in the present crystals
han in Ti–51.0 at.% Ni.

ension and compression: (a) tension SE curve at T = 408 K; (b) compression SE

dx.doi.org/10.1016/j.msea.2007.02.146
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ig. 4. Orientation dependence of deformation behavior of Co49Ni21Ga30 sing
b) SE curve for the [0 1 1] orientation at T = 305 K; (c) SE curve for the [1̄ 2 3]
riented along [0 0 1], [0 1 1] and [1̄ 2 3] directions.

In the second regime at T > Ms, the initial crystal structure
s the high-temperature phase, and the onset of deformation
s associated with stress-induced MT. A linear growth in σ0.1
ith increase in test temperature is found for all orientations
nder tension and compression and can be described by the
lausius–Clapeyron relationship [9]:

dσ0.1

dT
= − �H

ε0T0
, (1)

here �H is the enthalpy of transformation, ε0 the transforma-
ion strain and T0 is the equilibrium temperature for austenite
nd martensite. In the temperature interval of Ms < T < Md, the
agnitude α = dσ0.1/dT was found to be dependent on the crys-

al axis orientation (Fig. 4d) and stress state (Figs. 2c and 3c) for
ll three crystal types. According to [1], this is associated with
he dependence of ε0 on crystal axis orientation and stress state.
he resultant values of ε0 and α obtained for the present crystals
re given in Table 1. The dependencies of ε0 and α on stress
tate for type I and II crystals and on the crystal axis orientation
or type III crystals are in good agreement with relationship (1):
he small values of α correspond to large magnitudes of ε0.

For type II crystals, the maximal values of σ0.1 are found
t temperature T = Md. At this temperature the critical stresses
or formation of stress-induced martensite and for plastic flow
f austenite are equal to each other (Fig. 3c). At T >Md a
ormal σ0.1(T)-dependence is observed, i.e. the yield stress
Please cite this article in press as: Y. Chumlyakov et al., Mater. Sci. Eng.

0.1 decreases with increasing test temperature, and thus,
he third regime is associated with the plastic flow of the
igh-temperature phase. A strong dependence of the strength
roperties of the B2-phase on stress state was established for

�

h
p
t

stals under compression: (a) SE curve for the [0 0 1] orientation at T = 277 K;
tation at T = 283 K; (d) temperature dependence of yield stress σ0.1 for crystals

he type II crystals, i.e. σ0.1(Md) = 550 MPa under compression
nd σ0.1(Md) = 200 MPa under tension (Fig. 3c). The difference
n Md under compression (523 K) and under tension (600 K) is
ue to the dependence of α and σ0.1(B2) on the stress state. For
ype I and type II crystals, Md temperature was not yet reached
t T ≤ 673 K (Figs. 2c and 4d).

The combination of low σ0.1(Ms) for the martensitic phase
nd high yield stress for austenite in all the single crystals pro-
ide for superelasticity in a wide temperature interval �TSE
Table 1). For the temperature corresponding to the first perfect
E loop occurrence (T1) and �TSE were found to be dependent
oth on crystal orientation and stress state. For [0 0 1]-oriented
ype III crystals, the small magnitude of mechanical hystere-
is �σ = 30 MPa is the primary cause for SE occurrence at
1 = Af. In the [0 1 1]-oriented type III crystals the magnitude
f mechanical hysteresis grows up to �σ = 104 MPa, and SE
as found at T1 = Af + 35 K. For [1̄ 2 3] type III crystals, �σ

s reduced to 90 MPa and SE was observed at T1 = Af + 20 K
Fig. 4 a,b,c, Table 2). For [0 0 1]-oriented type II crystals
E was found at T1 = Af + 75 K = 373 K under tension and at
1 = Af + 20 K = 318 K under compression (Fig. 3, Table 2). The
agnitudes of mechanical hysteresis under tension and com-

ression of [0 0 1]-oriented type II crystals are close to each other
σ = 100–110 MPa (Figs. 3a and b). For the [0 0 1]-oriented type

crystals, SE is observed at T1 ≈ Af both under tension and com-
ression. These crystals also have a small mechanical hysteresis
A (2007), doi:10.1016/j.msea.2007.02.146

σ = 20–25 MPa (Figs. 2a and b). For the first time, the SE
as been observed at temperatures T > 350 K in crystals that dis-
lay the thermoelastic MT. In [0 0 1]-oriented type II crystals the
emperature interval of SE (�TSE) reaches 220 K under tension,

dx.doi.org/10.1016/j.msea.2007.02.146
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Table 2
Theoretical and experimental values of critical stress, hysteresis and SE start temperature for the type I to III single crystals

Chemistry (at.%) Deformation mode Orientation Theoretical values Experimental values

�σtheor (MPa) T theor
1 (K) σ0 (MPa) �σexp (MPa) σ0.1(T1) (MPa) T

exp
1 (K)

Ni54Fe19Ga27 (type I)
Tension

[0 0 1]
35 Af + 2 4 20 26 Af

Compression 45 Af + 1.5 4 25 35 Af

Co40Ni33Al27 (type II)
Tension

[0 0 1]
103 Af + 70 42 110 93 Af + 75

Compression 123 Af + 13 28 100 105 Af + 20
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o49Ni21Ga30 (type III)
Compression [0 0 1] 42
Compression [1̄ 2 3] 119
Compression [0 1 1] 147

nd in [0 0 1]-oriented type I crystals it widens to �TSE = 390 K
nder tension. This allows for the observation of SE at temper-
tures up to 670 K (Figs. 2c and 3c). The temperature interval
f SE for [0 0 1]-oriented type I and II crystals in compression
s �TSE = 100 K (Figs. 2c and 3c).

. Discussion of results

For the first time, it was experimentally observed that
he temperature T1 of the first open SE loop occurrence
epends on crystal orientation and stress state for crystals
ndergoing stress-induced MT (Figs. 2–4). The analysis of ther-
oelastic martensitic transformations shows that at T ≥ Af the

tress-induced martensite is thermodynamically unstable, so it
isappears upon unloading, and the crystal recovers its initial
orm [9,11]. According to Liu and Galvin [11], the stress for the
orward stress-induced martensitic transformation σf is

f = σ0 + (T − Ms)
dσ

dT
, (2)

here σ0 is the yield stress at T = Ms, T the test temperature and
σ/dT represent the dependence of yield stress on temperature
n accordance with (1). If the resistance to the movement of
nterphase boundaries is σ0 and the value of α = dσ/dT is equal
or both the forward and the reverse MT, then the critical stress
or the reverse transformation can be written as [11]

r = σ0 + (T − Af)
dσ

dT
(3)

In this case the mechanical hysteresis is obtained as

σ = σf − σr = 2σ0 + (Af − Ms)
dσ

dT
= 2σ0 + �T

dσ

dT
, (4)

here �T = Af − Ms is the thermal hysteresis. The temperature
1 is determined not only by condition the T ≥ Af, but also by

he correlation between yield stress for stress-induced martensite
0.1 and the value of the mechanical hysteresis �σ [11]:

0.1(T1) > �σ = 2σ0 + �T
dσ

dT
. (5)
Please cite this article in press as: Y. Chumlyakov et al., Mater. Sci. Eng. A

The temperature T1 is then determined from the condition
r > 0:

1 > Af + σ0
dT

dσ
(6)
Af + 5 5 30 60 Af

Af + 10 5 90 105 Af + 25
Af + 35 5 104 110 Af + 45

Using the relationships (5) and (6) the theoretically calcu-
ated magnitudes of the mechanical hysteresis �σtheor, and the
emperature T theor

1 that are necessary for occurrence of SE in the
resent single crystals are in close agreement with experimental
ata (Table 2). The analysis of relationships (5) and (6) shows
hat for SE at T = Af it is necessary to have low values of σ0,
T/dσ = −(ε0T0)/�H and small mechanical hysteresis �σ. This
s experimentally observed in the [0 0 1]-oriented type I crys-
als in tension/compression and in the [0 0 1]-oriented type III
rystals in compression (Table 2). The dependencies of SE start
emperature T1 on crystal axis orientation in the type III single
rystals and on stress state in the [0 0 1]-oriented type II crys-
als are caused by the dependence of α = dσ/dT on orientation
nd stress state (Figs. 2–4, Tables 1 and 2). For example, in the
0 0 1]-oriented type II single crystals under compression the low
E start temperature T1 = Af + 20 = 318 K is associated with the
act that the necessary level of critical stress for occurrence of
omplete SE σ0.1 > 100 MPa exceeds the value of the mechan-
cal hysteresis �σ and is also reached at lower temperatures
han in the samples tested under tension at T1 = Af + 75 = 373 K
Fig. 3c). The SE finish temperature T2 is defined as the temper-
ture where the yield stress becomes so high that the growth of
artensite is accompanied by generation of the defects, which

hen impede the reverse MT. For type I and type II single crys-
als under compression, α = dσ0.1/dT is higher than under tension
Table 1). Therefore, the yield stress σ0.1 for local plastic flow
nder compression is reached at lower temperatures than in
ension. As a result, a reduction of the SE window down to

TSE = 100 K in type I crystals and to �TSE = 105 K in type
I crystals under compression was found, whereas this value
nder tension is equal to �TSE = 390 K in the type I crystals and
TSE = 220 K in the type II crystals (Table 1).

. Conclusions

(i) It has been shown that [0 0 1]-oriented Ni54Fe19Ga27 and
Co40Ni33Al27 (at.%) single crystals possess a good duc-
tility as compared to brittle Ni50Mn25Ga25 alloys and
can yield large strains tension in the temperature interval
77–673 K.
(2007), doi:10.1016/j.msea.2007.02.146

(ii) For ferromagnetic Ni54Fe19Ga27, Co40Ni33Al27 and
Co49Ni21Ga30 single crystals the temperature dependence
of the yield stress (σ0.1) for the stress-induced transforma-
tion in the temperature range Ms < T < Md can be described

dx.doi.org/10.1016/j.msea.2007.02.146
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[9] K. Otsuka, C.M. Wayman, Shape Memory Materials, Cambridge Univer-
sity Press, Cambridge, UK, 1998, p. 284.
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by the Clausius–Clapeyron relationship. The magnitude
α = dσ0.1/dT is found to be dependent on crystal axis orien-
tation, stress state and transformation strain ε0.

iii) The SE start temperature T1 was found to depend on
crystal axis orientation, stress state and the magnitude of
mechanical hysteresis in the single crystals. The onset
of SE at T1 = Af requires small mechanical hysteresis
(�σ ≤ 30 MPa) and high values α = dσ0.1/dT. A combina-
tion of high values of �σ (≥90 MPa) and small magnitudes
of α results in growth of the T1 temperature to T1 = Af + Δ.
The maximal value of Δ (75 K) was observed in [0 0 1]-
oriented Co40Ni33Al27 crystals under tension.

iv) For the [0 0 1]-oriented Ni54Fe19Ga27 and Co40Ni33Al27
single crystals, high-temperature SE has been experimen-
tally established for tension loading at T > 400 K. It was
shown that the SE temperature can be controlled by varia-
tion of the stress state.
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