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Abstract—The influence of thermomechanical cycles (compression along the [011] direction and recovery of
the shape memory strain upon crystal heating) on the form and characteristics of the compression diagrams
of NiygFe 3Ga,;Cog alloy crystals not subjected to high-temperature annealing and quenching in water after
the growth has been investigated. It is found that these characteristics change during the first nine cycles.
Starting from the tenth thermomechanical cycle, they become stable and the deformation properties of the
crystals become similar to those of quenched crystals of this alloy. This means that antiphase nanodomains
are dispersed by dislocations during the thermomechanical cycling, as a result of which the disordered B,
crystal structure is transformed into the ordered L2, structure, which is characteristic of quenched crystals.
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The following specific features of deformation of
NiyyFe ;sGa,;Cog alloy crystals quenched after anneal-
ing at temperatures of 1300—1400 K are known: dia-
grams of their compression in the [011] direction con-
tain two falloffs of the flow stress, and recovery of the
shape-memory (SM) strain has a burst character [1,
2]. Quenched crystals exhibit stable deformation
behavior during thermomechanical cycles of compres-
sion and SM strain recovery upon heating of a
deformed sample [1]. The compression diagrams of
the unquenched crystals contain only one flow-stress
falloff, which starts at a stress value that is twice as
large as that of the first falloff in the compression dia-
gram of the quenched sample. The SM strain recovery
in the unquenched samples occurs smoothly, and its
temperature range widens with an increase in the
number of thermomechanical cycles [1].

The purpose of this Letter was to reveal specific fea-
tures of the deformation behavior of NigFe ;Ga,;Cog
alloy crystals that were not quenched after the growth.
It is also of interest to analyze the stability of their
properties at thermomechanical cycles of compression
and heating of the strained samples. In comparison
with our previous study [1], the number of compres-
sion—heating cycles is increased from 5 to 15, which
made it possible to reveal previously unnoted features
of the deformation behavior of the crystals under con-
sideration. The experiments on compression along the
[011] direction were carried out at a temperature of
293 K for 3.6-mm-high polished samples with a cross

section of 1.7 X 2 mm spark-cut from single-crystal
preforms grown by the Stepanov method. At cutting,
the crystals were oriented by the X-ray method so that
their long faces corresponded to the [011] direction, in
which the samples were uniaxially compressed. In all
the compression cycles, the set SM strain corre-
sponded to the total transformation strain of ~5%.

Figure 1 shows 2 of 15 compression diagrams of the
alloy crystals under study. These compression dia-
grams are related to the 1st (curve /) and 13th (curve 2)
thermomechanical cycles. It is noteworthy that both
diagrams contain only one flow-stress falloff and the
stress value in the 1st thermomechanical cycle is about
twice as high as that in the 13th cycle. Figure 2 shows
the dependences of the stress values corresponding to
the maximum (curve /) and minimum (curve 2) in the
compression diagrams on the number of thermome-
chanical cycles N. One can see that the deformation
behavior of the Ni—Fe—Ga—Co alloy crystals during
thermomechanical compression—heating cycles is sta-
bilized beginning with the ninth cycle. In contrast to
the large spread of stresses 6; and G, in the first eight
cycles, their values in the subsequent cycles are stabi-
lized and become independent of the cycle number. At
the same time, as was shown experimentally, the SM
strain recovery acquires a pronounced burst character
beginning with the tenth cycle, which was previously
assumed to be typical of only crystals of this alloy
quenched at high temperatures.
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Fig. 1. Diagrams of compression along the [011] direction
of the NiggFe 3Ga,;Cog alloy crystals that were not sub-
jected to high-temperature annealing after the (/) 1st and
(2) 13th thermomechanical cycles of compression and
SM-strain recovery.

This effect was not observed in [1] because of the
smaller number of tests: in the first cycle, the
unquenched crystal exhibited step SM strain recovery,
while all the subsequent compression—heating cycles
were accompanied by smooth recovery of this strain
(the recovery temperature range became wider with
each new cycle). This result was explained by the fact
that the martensitic deformation onset stress for the
unquenched crystals is much higher than that of the
quenched crystals [1]. Therefore, lattice defects (dis-
locations) may be formed in the unquenched crystals,
which may cause partial relaxation of the interface
(martensite—austenite) stress. This relaxation reduces
the interface stress below the critical value required for
the step SM strain recovery onset [2].

The interface stresses observed in this study and
their dependences on the number of thermomechani-
cal cycles can be estimated based on the difference
between the stresses corresponding to the maximum
and minimum values in the compression diagrams
(Fig. 2). Their difference A = 6, — G, is shown in Fig. 3.
One can observe a large spread in the interface stresses
in first several thermomechanical cycles; however, the
stresses are stabilized beginning with the tenth cycle
and show a tendency to decrease with a further
increase in the number of cycles.

Thus, the new data on the deformation behavior
upon compression and SM strain recovery in Ni—Fe—
Ga—Co alloy crystals that were not quenched after the
growth supplement the previously obtained data [1].
The combination of these data poses the following
questions. Why is the martensitic-deformation onset
stress for unquenched crystals much higher than that
for the quenched ones? Why do these stresses decrease
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Fig. 2. Dependences of the stresses corresponding to the
() maximum 6 and (2) minimum 6, in the compression
diagrams of the NiygFe 3Ga,;Cog alloy crystals (Fig. 1) on
number N of thermomechanical cycles.

during thermomechanical cycles to the level charac-
teristic of the quenched crystals? Finally, why, after
the tenth thermomechanical cycle, is the deformation
behavior of the unquenched crystal stabilized, and
why does the SM strain recovery acquire a burst char-
acter (as in the quenched crystal) at temperatures of
308—328 K? In this study, we discuss these questions
only from the qualitative point of view, using the data
in the literature on the structures of the considered
alloy and similar alloys [3—5].
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Fig. 3. Difference between the stresses AG = 6| — G, cor-
responding to the maximum and minimum in the com-
pression diagrams of the NiygFe 3Ga,;Cogq alloy crystals
(Fig. 2) in dependence on the number of thermomechani-
cal cycles.
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A characteristic feature of crystals of some alloys
(e.g., Co—Ti [3], Ni—Fe—Ga [4], and Ni—Fe—Ga—
Co [5]) that have not been annealed at high tempera-
ture is a disordered B, structure containing (according
to electron microscopy data [3]) dispersed antiphase
domains 10—40 nm in size. Their presence increases
the martensitic-deformation onset stress of an
unquenched crystal. This stress significantly decreases
upon crystal annealing at temperatures above 1000 K
[3], and the crystal structure after the high-tempera-
ture annealing and quenching corresponds to the
ordered L2, structure. Under stress, it is transformed
into a twinned 14M/10M structure or detwinned L1,
martensitic structure. Therefore, one can reasonably
suggest that, in our case, the Ni—Fe—Ga—Co alloy
crystal that was not annealed after the growth under-
went a gradual transition from the disordered B, struc-
ture to the ordered L2, structure during mechanical
compression cycles. Since the onset stress of the crys-
tal martensitic deformation is almost two times lower
in this case (Fig. 1), one can reasonably suggest that
the crystal-compression cycles facilitate the disper-
sion of antiphase domains by repeatedly cutting them
with slip dislocations. As a result, after ten thermome-
chanical cycles, the B, crystal structure is transformed
into an L2, structure, which is the same as for the
quenched crystal and possesses all its deformation
properties: stability under cyclic strain and (in the
presence of interface stress) a stable burst character
of the SM strain recovery. The presence of one
flow-stress falloff in the compression diagrams of
the crystals with both B, and L2, structures indi-
cates a single-stage (B,/L2, — Ll,) character of
martensitic transitions in the alloy, which is also
confirmed by the calorimetric analysis of the crystal
with the B, structure [6].
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Thus, it was shown for the first time that, in regard
to the loading diagrams and strain-recovery kinetics,
the cyclic thermomechanical effect on the as-grown
NigFe sGa,;,Cog crystals is aging of the sample. The
result of this aging is similar to that of conventional
heat treatment (high-temperature annealing and
quenching in water) of these crystals after the growth.
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