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Abstract. For the first time, a study of the two-way shape memory effect (the TWSME) for the quenched and aged
at 673 K for 0.5 h [001]-oriented Co;sNissAl;, single crystals in compression was carried out. In the quenched
CoNiAl crystals, the TWSME with a reversible strain of (-3.1 + 0.3) % was induced by training procedure in the
superelasticity temperature range. The physical reason of the TWSME is the creation of internal stress fields due to
the formation of dislocations next to y-phase particles, and an interface between the B2-matrix and the y-phase in the
quenched crystals. It was experimentally shown that aging at 673 K for 0.5 h under a compressive stress of 100 MPa
along the [110] direction creates the conditions necessary for observing the TWSME, without additional training
with a reversible strain of (+2.2 + 0.3) %. The conditions for observing the TWSME are determined by the action of
the internal stress fields of 25 MPa created by the oriented arrangement of the dispersed particles in the stress-
assisted aged crystals. The TWSME is not observed in the stress-free aged crystals with non-oriented precipitation of
particles, both before and after training.

INTRODUCTION

Ferromagnetic CoNiAl alloys are the most promising materials undergoing the thermoelastic B2-L1, (B2 —
bee ordered phase, L1, — tetragonal martensite on the basis of the fct-lattice) martensitic transformation (MT)
across a wide temperature range, from 200 K to 573 K. The shape and size of CoNiAl single crystals can be
reversibly changed by the action of temperature (i.e. the shape memory effect (the SME)), mechanical stress (the
superelasticity (the SE) response), and applied magnetic fields (the magnetic SME (the MSME)) [1-6]. It has
been shown that CoNiAl single crystals oriented along the [001] direction demonstrate a high cyclic stability of
the SE response, and a magnetically induced strain of 3.3 % under the action of both mechanical stress and
magnetic fields [4,7]. These materials have the potential to be used as actuators, sensors and damping devices
for various applications in the automobile and aerospace industries. The practical application of CoNiAl alloys
can be extended by creating the necessary conditions for observing the TWSME. This unique functional
property is the ability of the alloy, without external stress, to have spontaneous shape recovery induced during
thermal cycling through a temperature range of reverse and forward transformations.

The TWSME can be induced under certain conditions (e.g. a special thermomechanical treatment and/or
training), if the internal stress fields are present in the materials. The internal stress fields determine a selection
of martensite variants at cooling and at an external applied stress of |o6/=0+1 MPa. The TWSME makes it
possible to increase the transformation accuracy, or simplify the design of the devices, and also to reduce the
number of component parts to break. It has been shown that the TWSME can be observed by oriented growth of
the dispersed particles in the stress-assisted aged CoNiAl crystals oriented along the [011] and [123] directions
[2,3]. However, no systematic study of the TWSME in quenched and aged CoNiAl single crystals oriented along
the [001] direction has been performed yet. The choice of the [001] orientation for this study is predicated on the
following reasons. First, theoretical calculations show that the maximum lattice strain along the [001] direction
at the B2-L1y MT in compression is equal to -4.6 %. Secondly, in the crystals oriented along the [001] direction,
the dislocation slip is suppressed in the high-temperature B2-phase (i.e. the Schmid factor equals to zero O for the
<001>{110} slip system). This leads to high strength of austenite, the emergence of high-temperature SE at T >
373 K, and to high cyclic stability of the functional properties in [001]-oriented CoNiAl single crystals [4].
Based on these factors, the purpose of this work is to elucidate the conditions for observing the TWSME in
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Cos35NijzsAlsg single crystals oriented along the [001] direction, which have been quenched and aged at 673 K for
0.5 h.

MATERIALS AND METHODS

Single crystals of CossNizsAlsg (at. %) alloy were grown by the Bridgman technique in the atmosphere of an
inert gas. The samples’ orientation was verified with a DRON-3 X-ray diffractometer accurate to within +£3°.
The samples were cut in the shape of parallelepipeds along the [001] direction with the planes of sides as (110)
and (110). Then, the samples were annealed at 1613 K for 8.5 h and were quenched in water of room
temperature. These samples were aged at 673 K for 0.5 h in a free state and under a compressive stress of 100
MPa along the [110] direction in a vacuum chamber. We tried to exclude the difference of thermomechanical
treatment for the stress-free and stress-assisted aged samples. The aging under stress applied along the [110]
direction was selected to create nanocomposites with the oriented arrangement of the particles. After aging, the
samples were cut out to the size (3 x 3 x 6) mm’ with a deformation axis along the [001] direction. They were
ground and polished in 210 ml of an electrolytic solution H;PO4+ 25 ml Cr,0; at 293 K, U = 20 V. Mechanical
tests were carried out using a specially designed apparatus for measuring the SME during cooling/heating under
constant stress with an output strain-temperature response &(T) on the computer, and on InstronVHS 5969 at a
rate of §=1071/s. The microstructures of the samples were examined by transmission electron microscopy
(TEM) using a JEOL 2010 operated at a nominal accelerating voltage of 200 kV. The foil for electron
microscopic studies had a diameter of 3 mm and a thickness of 0.1 um.

EXPERIMENT

The quenching from 1613 K leads to the two-phase state — the large y-phase particles precipitate in the B2-
matrix. These particles possess an fcc-structure, do not undergo the B2-L1, MT, and improve plasticity of
ferromagnetic CoNiAl alloys [5]. The average volume fraction of the y-phase in the samples is f~ 2 % (Fig. 1).

FIGURE 1. Scanning electron microscope (SEM) image of the microstructure of the quenched CoNiAl single crystal,
consisting of the B2-matrix with the dispersed y-phase

Electron microscopic studies of Co;sNissAls crystals show that nanoscale particles as small as 30 nm were
observed after aging at 673 K for 0.5 h in the B2-phase (Fig. 2). Analysis of the published data shows that aging
at 673 K gives rise to the precipitation of a few different types of particles, such as needle-like e-Co particles
with a hcep-lattice elongated along the near ~ <111>p, direction (a ratio of length to thickness of ~ 9) and
spherical particles, which can have a superstructure of either NisAl; or L2, type [8-9]. Figure 2 (a) shows the
bright-field image of B2-austenite with characteristic tweed contrast for the stress-free aged crystals, and the
dark-field image taken from the reflection of nanoscale particles of size 5-10 nm. However, the microstructure
of the stress-free and stress-assisted aged CossNissAls crystals requires further research.
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FIGURE 2. Bright-field image of B2-austenite with characteristic tweed contrast of the stress-free aged at 673 K for 0.5
h CossNissAlsg single crystals (a); the dark-field image from the reflection of the nanoscale particles of stress-assisted
aged at 673 K for 0.5 h Cos5Ni;sAlsg single crystals (b)

Figures 3 and 4 show strain-temperature curves &(T) as a result of the cooling/heating under the action of
various external compressive stress (|o|= 1+250 MPa) for the quenched, stress-free and stress-assisted aged at
673 K for 0.5 h CossNissAlzy single crystals oriented along the [001] direction. The dependence of the
martensite start initial temperature on the external applied stress o(T) for Co;sNizsAlyy single crystals is
presented in Fig. 5.

The TWSME (change of the sample size at a minimum external stress of |o| = 0+1 MPa, which is necessary
to secure the sample in the grips of the machine) is not observed without an additional training procedure in the
quenched Coj;sNissAl;g single crystals. In [4], the authors showed that the TWSME can be induced by thermal
cycling through an interval of the B2-L1y MT under action of a constant external stress of 40 MPa in quenched
crystals. However, this training is not effective: the TWSME is realized with the value of reversible strain (the
TWSME strain) of 1 % [4]. Therefore, the training procedure in the SE response was used in this work to create
conditions for observing the TWSME: 100 cycles of loading/unloading at room temperature (T = 293 K) with
the maximum value of reversible strain of (6.0 + 0.3) %. This training creates the internal stress fields necessary
for the realization of the TWSME due to the formation of dislocations next to the y-phase particles, and an
interface between the B2-matrix and the y-phase, as is shown elsewhere [10]. In the quenched crystals, the
TWSME strain is erwsme = (-3.1 £ 0.3) % after the training procedure in the SE temperature range.

The martensite start temperature M, increases linearly with the growth of external stresses, according to the
Clausius-Clapeyron relationship [6]: do/dT = -AH/(eT,), where AH is the change of enthalpy associated with the
forward transformation, and ¢ is the transformation strain. The coefficient of the 6(T) curve slope is a; = do/dT =
2.0 MPa/K (see curve marked 1 on Fig. 5 ). During the cooling/heating cycle under an external stress of 20 MPa,
the reversible strain (the SME strain) amounts to a maximum value of egyg = (4.2 £ 0.3) % (Fig. 3). The
experimental values of the SME are close to the theoretical lattice strain for the [001] direction at the B2-L1o MT
of gy~ -4.6 %. Therefore, the totally oriented martensite is formed at cooling under the action of |6| = 20 MPa and
disappears during heating at the reverse transformation. The value of temperature hysteresis AT, which
characterizes the energy dissipation at MT, decreases with increasing external applied stress (Fig. 3). The value of
AT is determined as the difference between the temperature of the forward and reverse MT in the middle of the
loop &(T).
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FIGURE 3. Strain-temperature response &(T) of quenched [001]-oriented Co;sNizsAls, single crystals during
cooling/heating, under the action of various external compressive stresses
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The TWSME was not observed in the stress-free aged [001]-oriented crystals: during the cooling process, a
self-accommodated microstructure of the L1y-martensite is formed in the stress range 1-10 MPa, the dimensions
and shape of the sample are unchanged. The transformation strain increases with the external applied stress and
the maximum SME strain of egyg = (-3.8 £ 0.3) % is observed at 50 MPa. The SME strain is constant when the
stress increases |o| > 50 MPa (Fig. 4 (a)). The precipitation of dispersed particles leads to a reduction of the gy
in stress-free aged crystals compared to quenched crystals. This phenomenon is related to the fact that the
dispersed particles do not undergo the MT, the volume fraction of the material, in which the MT occurs,
decreases. The maximum value of theoretical lattice strain is &y’ = €4(1-f) = -3.7 % in the aged [001]-oriented
crystals (f=20% is the average volume fraction of the dispersed particles precipitated during aging at 673 K for
0.5 h).

The experimental value of the maximum reversible strain in the stress-free aged crystals is close to the
theoretical calculated value of transformation strain. It should be pointed out that, to achieve the maximum
value of the reversible strain in the aged crystals, the stresses are required to be 2.5 times larger compared to the
quenched crystals. The martensite start temperature M;' increases with the growth of the external stresses with
the coefficient o, = 2.4 MPa/K (Fig. 5, curve 2), and shifts toward lower temperatures compared to the quenched
crystals. The increase of external applied stresses is accompanied by a decrease of the temperature hysteresis AT
(Fig. 4 (a)).

It has been experimentally shown that in the stress-assisted aged CossNizsAlsg single crystals, the conditions
for observing the TWSME have been created without additional training. The maximum TWSME strain of
erwsme = (+2.2 £ 0.3) % is observed at |o| = 1 MPa. The value of reversible strain decreases with the growth of
stress from 1+20 MPa and changes sign to ggye = (-1.2 = 0.3) % at |o| = 30 MPa (Fig. 4 (b)). The value of egyg is
constant under the action of a stress of |6| > 30 MPa. The transformation strain equals to zero at |o| = 25 MPa,
consequently, a value of 25 MPa can be taken as the value of the internal stress fields [<o>|. Thus, in the stress-
assisted aged CossNizsAlsg single crystals, if |o| < 25 MPa, the internal stress fields lead to growth of the
martensite variants expandable size of the sample along the [001] direction. When the external compressive
stress becomes higher than the internal stress (i.e. |o| > 25 MPa), during cooling the martensite variants grow
oriented to the external compressive stress, and the size of the sample decreases. According to the Clausius-
Clapeyron relationship, the temperature My’ should increase with growth of the external stress. This dependence is
realized at || > 25 MPa with the coefficient a;= 2.0 MPa/K (Fig. 5, curve 3).

However, the temperature M;' decreases with the coefficient a;' = -0.6 MPa/K under the action of an external
compressive stress of |6] < 25 MPa (curve marked 3’ on Fig. 5). The internal stress fields lead to an increase of the
sample size along the [001] direction, consequently, they are tensile. The internal and external stresses generate the
different martensite variants. Consequently, an increase of external compressive stresses leads to a decrease of the
effective stresses in crystal |o.4 = |[<og>-0|. The effective stresses contribute to the growth of the martensite variant,
which increases the size of the sample along the [001] direction. The temperature M;' decreases with application of
opposing stresses from 1+25 MPa (curve marked 3’ on Fig. 5) and the c.4(T) dependence corresponds to the Clausius-
Clapeyron relationship [6] (see inset on Fig. 5).The value of AT decreases with the growth of the external stress of |o]
> 100 MPa (Fig. 4 (b)).
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FIGURE 4. Strain-temperature response &(T) of the stress-free (a) and stress-assisted (b) aged at 673 K for 0.5 h [001]-
oriented Co;5NissAlsg single crystals during cooling/heating under the action of various external compressive stresses
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Thus, the training and precipitation of particles do not lead to the observation of the TWSME in the stress-
free situation compared to the quenched and stress-assisted aged single crystals of CoNiAl. The stress-assisted
aging crystals have high external stresses for stress-induced MT, compared to the stress-free aged single crystals
at the same temperature, as shown in Fig. 5. The presence of the internal stress |[<og>| ~25 MPa prevents
compression of the sample and leads to a decrease in the effective compressive stresses |G.q = [<og>-0| in the
stress-assisted aged crystals (curve marked 4 on Fig. 5).
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FIGURE 5. The dependence of martensite start temperature M{' on the external compressive stress 6(T) of the quenched
(curve 1), stress-free (curve 2) and stress-assisted (curves 3, 3',4 and 4') aged at 673 K for 0.5 h [001]-oriented
Co35NissAly, single crystals

A check of the TWSME stability was carried out in the stress-assisted aged at 673 K for 0.5 h crystals. The
thermal cycling through an interval of the forward and reverse B2-L1, MT under the action of the external
opposing stresses of 250 MPa was carried out, and then the TWSME was investigated (Fig. 6). Figure 7 presents
the dependence of strain and temperature hysteresis on the number of loading/unloading cycles. Such a thermal
cycling does not lead to suppression of the TWSME (Figs. 6 and 7); change of the martensite start temperature
M;' is absent. However, the value of the TWSME decreases by 0.4 % after the thermal cycling in the conditions of
the opposing stresses (Figs. 6 and 7: curve marked 1).
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FIGURE 6. Strain-temperature response &(T) of the stress-assisted aged at 673 K for 0.5 h [001]-oriented Co;5Ni3sAlsg
single crystals during cooling/heating under the action an external compressive stress of |o| = 1 MPa

0,
AT, K A , Aerwsve, %

L180 | 1 22
L160
L140 20
L120 9 1.8
1100 \1,6
.80/ 14

1 2 3 7 n

FIGURE 7. The dependence of strain (curve 1) and temperature hysteresis (curve 2) on the number of cycles n(g) and n(AT),
respectively of the stress-assisted aged at 673 K for 0.5 h [001]-oriented Co3sNi3sAls, single crystals
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CONCLUSIONS

1. It was experimentally shown that the two-way shape memory effect with reversible strain of erwsve =
(-3.1 £ 0.3) % was induced in quenched [001]-oriented Co;sNiszsAlzy (at. %) single crystals by the training
procedure in the superelasticity response: 100 cycles of loading/unloading were carried out at room temperature
(T =293 K) with a maximum value of reversible strain of (6.0 + 0.3) %. The physical reason of the two-way
shape memory effect is the creation of the internal stress fields due to the formation of dislocations next to y-
phase particles, and an interface between the B2-matrix and the y-phase.

2. Neither the training procedure in the superelasticity response, nor the precipitation of particles leads
to the observation of the two-way shape memory effect in the stress-free aged CossNiszsAlsyg single crystals,
because the aging at 673 K for 0.5 h leads to precipitation strengthening of the matrix, and the local internal
stress fields relax in the material. The aging leads to a shift of the martensite interval temperature M{' toward a
lower temperature, and an increase of the stresses necessary to realize maximum transformation strain, 2.5 times
larger, compared to quenched crystals.

3. For the first time we have shown experimentally that the stress-assisted aging at 673 K for 0.5 h along
the [110] direction creates the conditions for observing the two-way shape memory effect with values of
reversible strain of erwsve = (+2.2 £ 0.3) % along the [001] direction. The spontaneous increase of the sample’s
linear dimension along the [001] direction at cooling is caused by the action of the internal stress fields |[<cg>| ~
25 MPa. They lead to growth of the oriented martensite during cooling of the stress-assisted aged sample at an
external stress of 0+1 MPa.

4. The thermal cycling through an interval of the forward and reverse B2-L1, martensitic transformation
under the action of external opposing stresses of 250 MPa does not lead to suppression of the two-way shape
memory effect in the stress-assisted aged CossNissAlsg single crystals.
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