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Abstract—The high-temperature superelasticity and temperature dependence of the yield stress of 14M and
L1, martensite in [001]-oriented single crystals of Nis,Fe gGa,; (at %) in compression alloy have been stud-
ied. As the temperature increases, the sequence of stress-induced martensitic transformations (MTs) changes
from L2,—14M to L2,—L1,. The yield stress of L1, martensite weakly depends on the temperature and is 1.7
times lower than that of 14M martensite. The temperature interval of superelasticity in [001]-oriented single
crystals of NisyFe 9gGa,; under compression is determined by the growth of critical stresses with increasing
temperature, the coefficient of strain-hardening, and the yield stress of L1, martensite.
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Intermetallic alloys of the Ni—Fe—Ga system fea-
turing thermoelastic L2,—(10M/14M)—L1, martensi-
tic transformations (MTs) can find application in
high-temperature drives and sensors [ 1], which stimu-
lates the interest in studying high-temperature MTs in
these alloys. High-temperature phenomena of shape
memory (SM) and superelasticity (SE) are observed
above 373 K, and their manifestations are determined
to a considerable degree by mechanical properties of
the austenite phase [2]. In [001]-oriented Ni—Fe—Ga
single crystals in tension, the SE is observed in the
temperature interval from 283 to 700 K as manifested
by up to 8% increase in reversible strain [3, 4]. This SE
is developed in the entire range of stress-induced MTs
up to a temperature of M, = 750 K, where the austenite
plastic flow stress is attained [3]. When the deforma-
tion mode is changed from tension to compression,
[001]-oriented Ni—Fe—Ga single crystals exhibit a
strong asymmetry of the interval of SE and the levels
of critical stresses for martensite formation and aus-
tenite flow [4]. Indeed, the interval of SE does not
exceed 180 K (from 283 to 463 K), while the marten-
site formation stress at 7'> 373 K under compression is
twice as large as that under tension [5]. The physical
reasons for the SE under compression ending at lower
temperatures than under tension are still not com-
pletely clear. The temperature dependence of the yield
stress of L2, austenite under compression is insuffi-
ciently studied. For establishing a criterion determin-
ing the temperature interval of SE in Ni—Fe—Ga sin-
gle crystals tested at high compressive stresses and
high temperatures, it is necessary to study both the

temperature dependence of mechanical properties of
the high-temperature phase at 7> M, and the tem-
perature dependence of the yield stress of martensite
in the entire interval from A; (reverse MT finish) up
to M.

The commonly accepted approach to explaining
the temperature interval of SE manifestation is based
on the comparison of critical stress G, of the load-

induced MT onset to the yield stress of austenite, (53l

[2, 6], since the SE usually ends at 6., = 631. This
approach assumes that the mechanical properties of
stress-induced martensite are high and this martensite
is not subject to dislocation-related plastic flow. If

martensite-yield stress (53{l , is close to the critical
stress 0., of the load-induced MT onset, the reverse
transition is hindered because of the dislocation pin-
ning of martensite crystals. However, the temperature
dependence of the martensite plastic flow stress
during intermartensitic transformations in Ni—Fe—
Ga single crystals under compression has not been
studied so far.

In this context, the present work was aimed at
studying the high-temperature SE and temperature
dependences of the martensite-yield stress and critical
stress for martensite formation in -strained [001]-ori-
ented Ni—Fe—Ga single crystals in compression.

Single crystals of Nis,Fe Ga,; (at %) were grown
in an inert gas atmosphere using the Bridgman tech-
nique. The as-grown crystals were studied in a single-
phase state without additional thermal treatments. As
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Fig. 1. A series of stress—strain curves 6(€) measured in the
temperature interval of SE. The inset shows a scheme of
the SE loop for [001]-oriented Ni—Fe—Ga single crystals
in compression (see text for explanations).

is known [2—4], the high-temperature phase has an
L2, structure. The samples for testing were shaped
as rectangular parallelepipeds with dimensions
3 X 3 X 6 mm. The SM and SE were studied by mea-
suring stress—strain curves 6(€) during compressive
loading and unloading of samples at a constant tem-
perature. The measurements were performed on an
Instron 5969 electromechanical testing machine in the
temperature interval 7= 295—623 K and on the setup
equipped with a vacuum chamber at temperatures
T > 623 K. The microstructure of samples was studied
by transmission electron microscopy (TEM) on a
JEOL 2010 instrument.

Our previous experiments [5] showed that
Nis,Fe gGa,; single crystals cooled/heated in the free
state exhibit single-stage L2,—14M transformations
with the martensite start and finish temperatures M, =
273+ 2 Kand M;= 269 + 2 K, respectively, for the for-
ward MT and the austenite start and finish tempera-
tures A, = 279 £ 2 K and A, = 285 £ 2 K, respectively,
for the reverse transition. Increase in the temperature
of testing is accompanied by variation of the crystal-
line structure of martensite. In the temperature inter-
val from 283 to 330 K, the loading induces L2,—14M
transition as proved by the electron-microscopic data
[5]. Increase in the temperature up to 360 K leads to
a change in the MT order, so that L2,—L1, transition
is observed under loading in the T = 360—463 K
interval.

Figure 1 shows a series of stress—strain curves 6(€)
measured during compressive loading/unloading
under isothermal conditions. These curves were used
to determine the values of critical stress o, for stress-
induced martensite formation, which are plotted in
Fig. 2. The observed increase in 6., with temperature
has a linear character in agreement with the Clausius—
Clapeyron equation [2]:
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Fig. 2. Temperature dependences of critical stresses for the
start (0,,) and finish (Ggr) of the forward MT, martensite-

yield stress (Gx), austenite-yield stress (Gé]), and stress
hysteresis Ac for compression-strained [001]-oriented
Nis4Fe 9Gay; single crystals in compression.

where AS'is a change in the entropy, AH is a change in
the enthalpy upon transformation per unit volume, €,
is the transformation strain, and T, is the temperature
of chemical-phase equilibrium.

Previously, it has been established [2] that tensile
straining of [001]-oriented Ni—Fe—Ga single crystals
as also accompanied by a change in the sequence of
MTs from L2,—14M—L1, to L2,—L1,, which is mani-
fested by the appearance of two stages in the 6(7)
curve with high (o, = do_,/dT = 1.7 MPa/K) and low
(0, =do.,/dT= 0.5 MPa/K) slopes characterizing the
temperature-induced growth of stresses. According to
Eq. (1), the value of o0 = dG,,/dT is inversely propor-
tional to the transformation strain €. The two stages in
tensile-strained crystals appear because the g, value
(6.4% for L2,—14M) at the first stage is smaller than
that (13.5% for L2,—L1,) at the second stage). In the
case of compression, a change in the order of MTs
under load does not influence the slope o =
2.1 MPa/K, since the g, value for 14M and L1, struc-
tures is the same.

A change in the MT sequence in Ni—Fe—Ga single
crystals in compression can be revealed by studying
the temperature dependence of stress hysteresis AG(7)
(Fig. 2). During the formation of 14M martensite in
the interval from 283 to 330 K, the hysteresis weakly
depends on the temperature and amounts to Ac = 20 +
1 MPa. At T=360—463 K, the load-induced L2,—L1,,
transition is accompanied by a wider hysteresis
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(Ac = 40 = 1 MPa) as compared to that for L2,—14M,
but also weakly dependent on the temperature. Under
the action of compressive loading in [001] direction,
no twinning of 14M and L1, martensite was observed
[4, 7, 8]. Therefore, the MT is not accompanied by
distortion and/or rotation of the habit plane relative to
the invariant position, which usually leads to increased
energy scattering. Thus, the increase in MT stresses
with the temperature influences neither the twinned
martensite structure nor the stress hysteresis width,
which explains the weak temperature dependence of
Ac(?) at T< 330 K and 7> 360 K. In the interval of
330—360 K, the increase in hysteresis is related to a
change in the martensite structure to L1,. Indeed, it
was shown [7, 9] that an undistorted habit plane is
formed more readily between L2, and 14M structures
than between L2, and L1,, since 14M martensite con-
tains a high density of microtwins and represents an
ordered modulated structure.

As can be seen from Fig. 1, 6(¢) curves of samples
in compression reveal four stages related to (/)
elastic deformation of austenite, (2) stress-induced
MT, (3) elastic deformation of martensite, and (4)
plastic deformation of martensite. Increasing tem-
perature leads to growth in critical stress 6., for the
onset of stress-induced MT, increase in stage I,
decrease in reversible transformation strain at stage 2,
and decrease in the martensite-yield stress at stage 4. A
strong decrease in the reversible strain (from 6.2% at
273 K to 2.9% at 463 K) is not related to modification
of the martensite structure, since the theoretical values
of the transformation strain upon the formation of L1,
and 14M structures are the same (6.25%) [4, 7]. A
decrease in the level of strain can be explained as fol-
lows. As can be seen from the 6(€) curves, the effective
elastic modulus of austenite (£,) is much lower than
that of martensite (£);). The low modulus of austenite
indicates that its lattice prior to the start of stress-
induced MT is subject to significant elastic distortions
and the lattice parameter changes so as to approach
the lattice parameter of martensite.

It was shown for TiNi [10] and NiFeGaCo [11]
alloys that reversible strain €., can be related not only
to the transformation of austenite to martensite, but
also to the difference of effective elastic moduli £,
and Ey:

1 1
= _—— 2
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where G, is the critical stress. In [001]-oriented Ni—
Fe—Ga single crystals under compression, E, < Ey
(Fig. 1) and, hence, the second term in relation (2) is
negative. Since the level of critical stresses o,
increases with the temperature, the second term also
grows while the reversible strain decreases.

Figure 2 presents the results of investigation of the
temperature dependences of martensite-yield stress
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(GX 1) and critical stresses for the start (G,,) and finish

(O'fr) of the forward MT. The martensite with 14M
structure contains a high density of twins, which hin-
der the development of dislocation glide. For this rea-
son, the yield stress upon 14M martensite formation is

high and amounts to Ggﬂ [001] = 1430 MPa. As the
structure of stress-induced martensite changes from
14M to L1, the yield stress sharply drops to 8§30 MPa
at 360 K. For T'> 360 K, the final structure upon MT
becomes L1, and the yield stress weakly decreases to
775 = 2 MPa as the temperature grows further to

463 K. At the same time, the value of 6,—c, for the
forward MT increases with the temperature and,
accordingly, the strain-hardening coefficient 6 =
do/de grows from 2 X 102 MPa at 295 K up to
21 x 10> MPa at 463 K. The growth of critical stress
o, for the load-induced MT onset and the strong
increase in coefficient 0 = do/de result in that the crit-

ical stress for the forward MT finish at 463 K (¢7, =
700 MPa) becomes close to the martensite-yield stress

Gg{[, =775+ 2 MPa (Fig. 2). Thus, the MT at tempera-
ture Tgp, = 463 K corresponds to the last perfect SE
loop, for which the entire preset strain in the load-
ing/unloading cycle upon the MT completion is
reversible.

At temperatures within 463 K < T'< 543 K, [001]-
oriented Ni—Fe—Ga single crystals in compression
also feature the thermoelastic L2,—L1, transitions, the

critical stresses of which increase with the temperature
with same slope (o0 = do,,/dT = 2.1 MPa/K) as that for

T < Tsg,. In this temperature interval, Gir > oy and
the MT is accompanied by microplastic deformation
and stabilization of L1, martensite, while the preset
strain remains partly irreversible upon unloading.
Electron-microscopic images of samples in compres-
sion in this interval reveal residual L1, martensite and
high density of dislocations (Fig. 3). When the tem-
perature approaches My ~ 550 K, the entire preset
strain become irreversible upon unloading (see Fig. 1,
curve for 7= 543 K). It can be suggested that the sam-
ple in compression at 7'~ 550 K simultaneously fea-
tures the MT and the plastic deformation of austenite
and martensite. It should be noted the cyclic loading at
543 K leads to dislocation-induced hardening of the
alloy. As can be seen from Fig. 1, a preliminary defor-
mation at 543 K leads to the partial recovery of revers-
ibility (see the third 6(¢) curve for 7= 543 K).

Thus, the temperature interval ATgg = Tgg,— 75, of
SE in [001]-oriented Ni—Fe—Ga single crystals in
compression is determined by the values of slope
do,,/dT (characterizing growth of the critical stresses
of martensite formation with the temperature), strain-
hardening coefficient 6 = do/de, and mechanical
properties of the austenite and martensite phases. This
Vol. 43
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Fig. 3. Bright-field electron-microscopic image of
[001]-oriented Ni—Fe—Ga single crystal after compres-
sion loading at 7 > Tgg,. The inset shows the corre-
sponding pattern of electron microdiffraction (axis of zone

(1131110 I {012]121)-

complex criterion represents a modification (improve-
ment) of the criterion proposed previously for some
SM alloys [2]. The new variant can be used for
description of the interval of SE in other SM single
crystals, including [001]-oriented Ni—Fe—Ga single
crystals in compression. The high-temperature SE in a
broad temperature range in the latter crystals requires
only high strength of austenite and low values of o0 =

do,,/dT, since the level of plastic flow stress Gy, in
martensite is not attained during the stress-induced

TECHNICAL PHYSICS LETTERS  Vol.43 No.3
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MT, while the train hardening coefficient 0 = dc/de is
close to zero in the entire temperature range of SE.
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