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Abstract: The effect of aging (at 773 K for 1 h) on the cyclic stability of superelasticity was studied in
preliminarily quenched (after annealing at 1448 K for 1 h) NigFe19GayyCoqg [001]-oriented single
crystals. It was shown that NiFeGaCo single crystals (both quenched and aged) exhibited highly stable
superelasticity during more than 10° loading/unloading cycles in compression without destruction.
The degradation of the superelasticity curves was divided into stages, and each stage of degradation
was carefully considered. The precipitation of w-phase particles led to a change in the degradation
mechanism of superelasticity in the aged crystals. The main degradation mechanism for quenched
crystals is a formation of uniform distribution of dislocations; for aged crystals, the microstructural
degradation mechanisms consist of a non-uniform distribution of dislocations around the particles
and the appearance of residual martensite.

Keywords: cyclic stability; superelasticity; single crystals; martensitic transformations; critical stress;
stress hysteresis; aging

1. Introduction

The Heusler NiFeGaCo alloy is one of the promising shape memory alloys. These
alloys demonstrate multistage thermoelastic martensitic transformations (MT) from B2(L2)-
austenite to L1p-martensite through modulated 10M(14M)-phases [1]. Such effects, such as
superelasticity (SE) and shape memory effect (SME), are observed on the basis of MT. SE
is observed during loading/unloading cycles and is characterized by significant inelastic
strain. The given inelastic strain is recovered during unloading. NiFeGaCo single crystals
with cobalt content ranging from 0 to 6% are characterized by a wide SE temperature
range, large reversible strain, narrow stress hysteresis, and high cyclic stability of SE (up to
5 x 10* cycles) [2-6].

Recent studies [7,8] have shown that increasing the cobalt content above 10% led to
a strain glass transition in these materials, as in numerous other materials that deviate
from stoichiometric compositions and contain a large number of point defects [9,10]. These
defects impede the thermal-induced MT but contribute to strain glass transitions from
unfrozen strain glass into frozen strain glass during stress-free cooling [7-9]. Such materials
are characterized by the absence of thermal-induced transitions, high strength properties,
high resistance of the matrix to forming stress-induced martensite, and narrow stress
hysteresis. However, strain glass alloys have been poorly studied, especially NiFeGaCo
alloys with a cobalt content Cc, > 10%. Only a few studies of NiFeGaCo alloys with
Cco > 10% present their significant scientific potential [7,8,11,12]. NiFeGaCo alloys with
a cobalt content of 10% are of interest because they still undergo thermal-induced MT
but are characterized by typical features for strain glass transitions, such as a logarithmic
dependence of temperature curves of the elastic modulus E(T) and internal friction tand(T)
on frequency [13].
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The design of NiFeGaCo shape memory alloys includes studying their cyclic stability,
the degradation mechanisms of SE, and creating methods for increasing their resistance to
cyclic tests. For example, applying shape memory alloys as sensors, dampers, and actuators
requires 10* loading/unloading cycles, whereas their application in thermal valves, clamps,
and micropincers requires at least 10° cooling /heating cycles with stable properties [14]. As
for studies on SE cyclic stability in NiFeGaCo alloys, there are a few works [4,6,7] that did
not clarify the microstructural mechanisms of degradation for NiFeGaCo alloys. Moreover,
the number of cycles in these studies did not exceed 5 x 10* cycles [6]. Therefore, the
conclusions of these studies are insufficient to predict the dependence of the SE parameters
on the higher number of cycles. Single crystals of NiFeGaCo alloys are more promising for
further investigation of the SE cyclic stability during large numbers of cycles, up to 10°.

The main aspect of the present study is the high cobalt content of 10 at.%. First, the
higher cobalt content can cause higher ductility in the material. As shown in our previous
work [11], an increase in the cobalt content of up to 15% resulted in weak cyclic stability and
increased fragility. The NizgFe19GayyCoys single crystals were destroyed during the first
30-50 cycles. In contrast, the NigsFe19GayyCoqg alloy was not destroyed and was weakly
degraded over 500 loading /unloading cycles. However, 500 loading/unloading cycles were
insufficient to examine cyclic stability and determine the degradation mechanisms of these
materials. Second, the increase in cobalt content from 6 to more than 10% led to a change in
the crystal lattice of the secondary phase particles (from vy’ to w) [7,11]. Therefore, the study
of the effect of w-phase particles on SE cyclic stability in NigsFe19GapyCo1g single crystals is
relevant. Choosing a different composition and a different crystal structure of the secondary
phase in comparison with the literature allows us to find a commonality of the degradation
mechanisms for NiFeGaCo alloys, regardless of the cobalt content and the crystal structure
of the secondary phase. Therefore, the aim of this work was to study SE cyclic stability
(during 10° loading/unloading cycles) in quenched NiggFei9Gay;Coqg crystals without
particles and in aged NigFej9GayyCoqg crystals containing w-phase particles to clarify
the effect of w-phase particles on SE cyclic stability and to establish the microstructural
mechanisms of degradation in heterophase NiFeGaCo alloys.

2. Materials and Methods

These studies were conducted only on single crystals because of the extreme brittleness
of NiFeGaCo polycrystals. The high-strength [001]-orientation was chosen for the study.
The Bridgman method [15,16] was used to grow the NigsFe19GayyCoqg (at.%) single crystals.
Single crystal growth was performed on a special installation in a ceramic crucible in an
inert He atmosphere. The Bridgman method concludes with the heating of the polycrystal
above the melting point and follows with slow cooling. Cooling was started from one end
of the crucible, where a single crystal of one crystallographic orientation was grown on the
seed along the length of the crucible. The formation of single crystals was confirmed by
X-ray diffraction analysis, optical and electron microscopy.

These studies were conducted on single crystals after two thermal treatments. First,
samples were annealed at 1448 K for 1 h with subsequent water quenching (quenched
crystals). Then, one part of the quenched samples was aged at 773 K for 1 h, followed by
quenching (aged crystals). For annealing or aging, the samples in a quartz tube filled with
argon were put in a hot area of the furnace (Carbolite STF 15/180, Verder Scientific, Haan,
Germany). For quenching, the samples were rapidly dropped into cold water. The anneal-
ing temperature was chosen based on our previous works [11,12] to obtain a homogeneous
structure. After growth and quenching, the surface of single crystals was studied by SEM
using TESCAN VEGA 3 (Tescan Group, Brno-Kohoutovice, Czech Republic). The chemical
composition of NigFej9Gay;Coqg and the homogeneous structure without admixtures
were determined. The aging temperature was chosen for the precipitation of w-phase
particles [7,12]. The temperatures of the forward and reverse MT were determined by using
the temperature dependence of the electrical resistance. An electro-mechanical testing
frame (Instron VHS 5969, Instron, High Wycombe, UK) and an electro-dynamic testing
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frame (ElectroPuls E3000, Instron, High Wycombe, UK) were used for cyclic tests under
compressive load. The compression samples were parallelepipeds with dimensions of
3 x 3 x 6 mm?>. Cyclic tests were performed at room temperature (295 K) during load-
ing/unloading cycles up to a stress level of 300 MPa. The deformation rate for 1-10° cycles
wasV=9.0x 1072571 for cycles above 10° the deformation rate was V = 21.0 x 10~2-s~ 1.
A Universal Keyence VHX 2000 complex (Keyence CORP, Itasca, IL, USA) with a Linkam
TST350 testing frame (Redhill, Surrey RH1 5DZ, UK) for in situ compression was used
for metallographic observations. A Hitachi HT-7700 electron microscope (Hitachi, Tokyo,
Japan) was used for electron microscopy. For electron microscopy, the samples of 3 mm in
diameter were mechanically thinned until 0.1 mm and polished using TenuPol-5 electrolytic
thinning installation (Struers S.A.S., Champigny-sur-Marne, France).

3. Results

The microstructures of the quenched and aged single crystals are shown in Figure 1
and correspond to those reported in previous studies [11,12]. High-temperature annealing
was conducted at 1448 K, above the order-disorder transition temperature [12], and led to
the formation of a mixture of B2 and L.2-structures.

200 nm

Figure 1. Microstructures of NigqFe19GayyCoqg single crystals before cycling: (a,b) quenched crystals;
(c—f) aged crystals; (a,c,d) bright-field images and SAEDPs with the [011];2;/p; zone axes of the
matrix; (b,f) dark-field images in the <111>1 reflexes marked with arrows in the SAEDPs from (a,c);
dark-field images contain some bright areas, they are L2;-domains; (e) dark-field image in the circled
reflex on SAEDP from (c) showing w-phase particles.

Both the B2- and L2;-structures have a bcc lattice. The difference between the L2;-
lattice and the B2-lattice lies in the ordered arrangement of Fe and Ga atoms at the sites
of the sublattice and the lattice parameter [1]. In Figure 1a, the selected area electron
diffraction patterns (SAEDPs) for the [Oll]L21 and the [011]p, zone axes practically coincide.
The lattice parameter of the B2 structure is two times smaller than the lattice parameter of
the L2¢-structure aj, = 2-ap; therefore, on SAEDP, rﬁﬁ = ZrElzd, hence, the positions of the
reflections [400];, and [200], coincide. In quenched crystals, the mixture of B2 and L.2;-
structures was visible as nanodomains of 20-50 nm on the dark-field images in the <111>
reflections (Figure 1b). The volume fraction of the L2;-structure derived from the dark-field
images was estimated to be 40% in the quenched crystals. The fine tweed structure in
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Figure 1a is typical for shape memory alloys and was observed in both quenched and aged
single crystals.

Aging leads to the precipitation of disordered w-phase particles with sizes of 70-100 nm
and a volume fraction of 4-6% (Figure 1). The reflexes in positions 1/3 and 2/3 [224]; 51 on
SAEDP (Figure 1c) confirm the w-structure. The reflex in position 1/3 [224]; 1 corresponds
to [0001],. Aging causes an increase in the size of the B2 and L2; phase domains of up to
100-200 nm (Figure 1b,f). The volume fraction of the L2;-structure increases up to 60-65%
in the aged crystals compared to the quenched ones. A more detailed description of the
microstructure before testing is presented in [12].

The MT temperatures for the quenched crystals were Mg = 203 K, M¢ = 163 K,
As =173 K, and A¢ = 218 K. For the aged crystals, MT temperatures were Mg = 251 K,
M =217 K, Ag =228 K, and A¢ = 262 K. The MT temperatures in the aged single crystals
were higher than those in the quenched ones, which is associated with the precipitation of
particles rich in iron and cobalt. Particles led to decreases in the content of these elements
in the matrix and an increase in the MT temperatures. In [12], more details are presented
about the change in the MT temperatures after the precipitation of dispersed particles in
these crystals.

Cyclic tests were performed at 295 K during loading/unloading cycles at stresses up
to 300 MPa, sufficient for complete stress-induced MT in the quenched and aged single
crystals (Figure 2). The o(e) curves are characterized by different critical stresses oy, which
are determined by different MT temperatures in accordance with the Clausius—Clapeyron
equation. The higher the temperature M, the lower the critical stress o, at 295 K. The
total strains were close, whereas the reversible strains determined at the o, differed in
the quenched (3.8%) and aged (4.3%) crystals because of the higher stress for MT in the
quenched crystals. A decrease in strain with an increase in stress was observed in all
NiFeGaCo alloys and is associated with the difference in the elastic moduli of austenite
and martensite, as well as with a change in the austenite lattice parameter before the start
of MT [17,18].
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Figure 2. The o(c) response: (a) 1-10° cycles for quenched single crystals; (b) 1-10° cycles for aged
single crystals; the bold black curve is the first cycle; the red curve is the last cycle; (c) schematic
representation of the o(e) curve with measured parameters.
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As shown in Figure 2, SE degradation (i.e., a change in the parameters of the o(¢)
curves with an increased number of cycles) was observed in both quenched and aged
crystals. The SE degrades in different ways depending on the microstructure. Figure 3
shows the dependence of the SE parameters on the number of cycles: the critical stress,
Ocr, the stress hysteresis, Ao, the effective elastic modulus of austenite, E4, and the strain
hardening coefficient, 6 = do/de (Op and Og). These parameters were determined, as shown

in Figure

2c.

In Figure 3, the dependences of the SE parameters on the number of cycles in the
quenched and aged crystals can be divided into three stages, typical of shape memory
alloys [4-6,19-22]. The first stage of initial degradation was observed during the earliest
cycles and was characterized by a sharp decrease in the critical stress, o, and the stress
hysteresis, Ao, and a change in the shape of the curves. The second stage of high stability
was the longest, and o and Ao did not change. The third stage was cyclic fatigue, at which
the SE parameters again underwent strong changes. The third stage was observed only in

the aged crystals.
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Figure 3. Dependence of critical stress, o, stress hysteresis, Ao, strain hardening coefficient,

0 = do/de (0p and Og), and elastic modulus of austenite, E5, on the number of cycles (from 1

to 10°): (a,c) quenched single crystals; (b,d) aged single crystals.

In the quenched single crystals, the first stage lasted from 1 to 2 x 10% cycles. In
the first stage, o and Ao decreased by 4% and 57%, respectively. The o(e) curves were
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characterized by a stress plateau with a low strain hardening coefficient, 6p = do/de, close
to zero. In this case, the shape of the o(¢) curve changed greatly. After the stress plateau,
the o(e) curve showed a segment with high 6 = do/de and a wide hysteresis Ao. With an
increasing number of cycles, the coefficient 8 = do/de increased, whereas the strain for a
given segment decreased, reducing the hysteresis and the total reversible strain without the
appearance of irreversibility. The reasons for the change in the form of the curve require
further research. The second stage of high cyclic stability in the quenched single crystals
was the longest and lasted from 2 x 10% to 1.2 x 10° cycles. In the second stage, the critical
stress, Ocr, the stress hysteresis, Ao, and the effective elastic modulus of the austenite, E,,
almost did not change. The shape of the curve did not change during the second stage. The
third stage was not reached in quenched crystals.

A different pattern of SE degradation was observed in the aged crystals. The first
stage of the initial degradation was more than 10 times shorter than that of the quenched
crystals and lasted from 1 to 50 cycles. In the first stage, a more noticeable decrease of 20%
in the critical stress, o, was observed in the aged crystals, which was five times greater
than in the quenched ones. The decrease in the hysteresis, Ao, by 43% was comparable to
the quenched crystals. The form of the o(e) curve did not change. In aged single crystals,
an irreversible strain of 0.5% was recorded during the first cycles.

The second stage of cyclic stability in the aged crystals was five times shorter than
that of the quenched crystals and lasted from 50 to 2 x 10% cycles. The critical stress, ocr,
and the stress hysteresis, Ao, did not change during the second stage, but there was a
significant change in the shape of the o(¢) curve: a significant decrease in the effective
elastic modulus of austenite, E5, by 25% and the appearance of segments in the o(¢) curves
with different coefficients 0 = do/de. During the first cycles, the forward MT on the
o(e) curve takes one stage with a stress plateau; after 5 x 10% cycles, the forward MT
takes two stages. After reaching the critical stress, a new segment with a high coefficient
(g =do/de ~ 20 x 10? MPa) appeared on the curve. A low-0,, stress plateau followed
the high-0; segment. When the number of cycles increased from 5 x 10% to 2 x 10%, the
coefficient 04 increased by 25%, while the coefficient 6, = do/de on the stress plateau
remained constant.

In aged crystals, a third stage of cyclic fatigue was observed after 2 x 10% cycles. The
critical stress changed little at this stage, but the hysteresis was significantly reduced by
35% compared to the second stage. The shape of the curve continued to change. The elastic
modulus, Ea, decreased by 11%. The segment of the curve with high-65 = do/de decreased
in the strain by almost two times, while 05 = do/de increased by 35% compared to the
second stage of cyclic stability (Figure 3d). A similar change in the SE parameters was also
observed in aged NiggFe 3GayyCog single crystals [6].

4. Discussion

The presence of w-phase particles was the main reason for the changes in the degradation
processes and cyclic stability during the transition from quenched to aged NissFe19Gaz;Coqg
single crystals. First, the particles are quite large, up to 70-100 nm; therefore, they could
partially lose coherence with the matrix. In this case, the particles act as stress concentra-
tors and places for dislocation accumulation and can be nucleation sites for non-oriented
martensite. Second, these particles led to a decrease in the cobalt content in the matrix,
which reduces the brittleness typical of NiFeGaCo alloys with high cobalt content [7-9].
The difference in the resistance to cyclic tests in single crystals with various cobalt contents
has been researched in [11]. We have studied the SE in quenched NigsFe19Gay;Coqg and
NizgFe19GayyCo1s single crystals and found that high cobalt content results in strong degra-
dation of the SE at the first stage and destruction of the samples within 30-50 cycles [11].

It should be noted that the B2 + L2; nanodomain structure also has a significant effect
on thermal- and stress-induced MTs. In [12], authors considered two microstructures in
NiyggFe19GayyCogy single crystals: as-grown single crystals, where there is no nanodomain
structure and the high-temperature phase is L2;-austenite, and quenched single crystals
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with a nanodomain (B2 + L2;)-microstructure, as in the present work. It has been shown
that for the microstructure containing nanodomains, the stored elastic energy AGrey during
MT upon cooling /heating is 5-8 times greater than for a single L2;-structure. The stored
elastic energy AGyey can be estimated from the temperature intervals of the thermal-induced
MT [23]. The elastic energy AGrey remained high even after aging due to the nanodomain
structure (only the size of the domains changed). The high level of stored elastic energy
during MT determines the high cyclic stability observed in both the quenched and aged
single crystals. As can be seen from the experimental data, the quenched and aged single
crystals withstood more than 10° cycles without destruction. However, they demonstrated
different degradation mechanisms owing to their different microstructural parameters. The
w-phase particles determined the differences in the features of the SE cyclic stability at
each stage.

4.1. First Stage of Initial Degradation

In the initial degradation stage in quenched and aged NissFe19Gay;Cos single crystals,
the elastic stresses relaxed near the austenite/martensite interface due to the formation
of dislocations, residual martensite, and martensite stabilization [4—6,19-22]. In this case,
in each subsequent cycle, martensite will be nucleated on the defects remaining after the
previous cycle. This facilitates the nucleation of stress martensite and leads to a decrease in
critical stress.

In the quenched crystals, the change in critical stress at the first stage of degradation
was small, only 4%, whereas, in the aged crystals, the decrease in stress was five times
greater. This suggests that the volume fraction of residual martensite and the number of
defects were greater in the aged crystals than in the quenched crystals. Indeed, the o(¢)
curves in the first stage of the initial degradation showed an irreversible strain of 0.5% in
the aged crystals, in contrast to the quenched crystals without irreversible strain. Notably,
the number of cycles at the first stage of degradation in the aged crystals was 10 times less.
Thus, more intensive degradation occurred in the aged crystals in fewer cycles than in the
quenched crystals.

4.2. Second Stage of High Cyclic Stability

The second stage (Figure 3) was characterized by high stability in the quenched and
aged crystals. This stage was five times shorter for the aged single crystals than for the
quenched crystals. Although the level of critical stress, o, and the stress hysteresis, Ao,
practically did not change, the shape of the curves changed significantly during the second
stage in the aged crystals. There was a decrease in the elastic modulus of austenite E4; an
additional segment appears on the curve with a high coefficient 0.

The observed change in the elastic modulus of austenite with an increase in the number
of cycles above 5 x 102 in the aged single crystals can be associated with the following
processes. First, the microstructure of the aged single crystals changed, and defects and
residual martensite appeared. This microstructure differs from defect-free austenite, which
was subjected to elastic deformation during the first loading /unloading cycle. Therefore, a
mixture of austenite and residual martensite with a high content of stress concentrators
(dislocations, residual martensite, and w-phase particles) is subjected to elastic deformation.
Second, stress concentrators are the sites of martensite nucleation. As shown in [24],
the stress concentration regions could locally eliminate the nucleation barrier and thus
induce equilibrium nanosized embryos of martensite. Consequently, martensite nuclei can
appear at a stress below the critical stress, oc;. This assumption was confirmed by optical
observations of the surface of the aged single crystals after 2 x 10° loading/unloading
cycles (Figure 4). Without the applied stress, residual martensite was observed in these
samples (Figure 4a). As the compressive load increased to small values of 21-63 MPa < o,
the residual martensite crystals increased in size, and new stress-induced martensite crystals
grew from them.
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As shown in Figure 4a, the martensite variants had different orientations. The ap-
pearance of non-oriented martensite variants could be caused by the internal stress fields
from particles, dislocations, and residual martensite. Following the Clausius—Clapeyron
equation, these internal stress fields led to a local increase in the temperature of nucleation
of the thermal-induced martensite. For NigFej9Gay;Coqg alloys, the coefficient describ-
ing the increase in the temperature, Mg, with increasing stress is very low and equals
1.2-1.3 MPa/K [11]. In other words, small internal stresses can significantly shift the tem-
perature of thermal-induced martensite. Then, the martensite observed in Figure 4a may
be partly residual and partly thermal-induced, appearing due to the internal stress fields.
Indeed, the branched structure of different orientations, as shown in Figure 4a, is charac-
teristic of thermal-induced martensite. If the applied stress increases, this martensite can
interact with oriented stress-induced martensite crystals that arise at o and higher. The
variant-variant interaction led to an additional segment on the curve with a high coefficient
6, which was observed in the aged crystals after 10° cycles (Figures 2—4). The additional
segment on the curve was related to MT in the part of the sample that has undergone
the most plastic deformation, namely, in the part where the greatest number of defects
and residual martensite were contained. After the completion of the MT in this region,
the transformation occurred in the regions that were less exposed to plastic deformation.
This process was accompanied by a stress plateau on the o(¢) curve. The variant-variant
interaction played a more important role in increasing the number of cycles caused by the
growth of dislocations and volume fraction of residual martensite. This led to an increase
in coefficient g at the second and third stages (Figure 2d).

aged crystals
|NiFe Ga,Co, 295K

Figure 4. In situ compressive loading for aged NigyFej9Gay;Coqg single crystals: (a—c) optical
metallography of the surface during in situ compressive loading from 0 to 63 MPa; (d) o(¢) curve at
cycle number 2 x 10% at 295 K.

4.3. Third Stage of Cyclic Fatigue and Changes in the Microstructure after Cycling

The quenched single crystals did not reach the third stage of cyclic fatigue within
10° cycles. Additional tests showed that the quenched single crystals underwent brittle
fracture after 1.2 x 10° cycles without significantly changing the SE parameters. In
contrast, after 2 x 10* cycles, the aged single crystals showed the third stage of cyclic
fatigue and failed after 1.7 x 10° cycles. In this case, the stress hysteresis, Ao, the elastic
modulus of austenite, Ex, and the coefficient 05 changed significantly with the number
of cycles (Figure 3). These changes are correlated. The decrease in the elastic modulus of
austenite, E5, and the increase in the high-05 segment of the curves strongly reduced the
low-6,, stress plateau. The decrease in transformation strain at the low-0,, stress plateau
led to the decrease in stress hysteresis because the smaller volume fraction of the matrix
underwent the MT, increasing the number of cycles. A similar stage of cyclic fatigue has
also been observed in aged single crystals with a lower cobalt content, NiggFe;3GapyCog
(at.%), after 2 x 10* cycles [6]. The aged NisFeigGayyCoq single crystals contained
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v’-phase fine particles smaller than 30 nm and large y-phase particles of size 5—15 pm,
which deformed during testing. The observed dependence of the SE parameters on the
number of cycles may be a general property of NiFeGaCo single crystals containing
secondary phase particles.

Figures 5 and 6 show the electron microscopy of the quenched and aged single crystals
after 10° loading /unloading cycles. The degradation of the microstructure in the quenched
and aged single crystals proceeded in different ways. First, a higher density of dislocations
(Figure 6a) occurred in the aged single crystals than in the quenched ones; the particles
served as places for dislocations accumulation (Figure 6b), and residual martensite was
observed (Figure 6¢c). Residual martensite was not found in the quenched crystals using
either optical or electron microscopy. It should be mentioned that the difficulties with the
pinning and stabilization of martensite are typical for strain glass alloys and were faced
frequently in TiNi strain glass alloys. It can also be revealed in quenched NiysFe19Gaz7Co1g
single crystals because of high cobalt content and vicinity to the strain glass composition.
In contrast, in aged single crystals with second phase particles reducing the cobalt content,
martensite is easily pinned by dislocations and particles.

\ Y

1000 nm 1000 nm

Figure 5. Microstructure of quenched NiyqFe19GayyCoqg single crystals after cycling: (a,b) bright-field
images and SAEDPs with the [011]; 51/, zone axis of the matrix; (c) dark-field image in the <111>12¢
reflex marked with an arrow in the SAEDP.

Second, no interaction between the nanodomain structure and dislocations was ob-
served in the quenched crystals (Figure 5c), unlike in the aged crystals (Figure 6d). A
separation of the nanodomains of the austenitic L2;-structure was observed in the aged
single crystals. From experimental studies [25], the slip systems in Ni;FeGa austenite are
likely to be (011)<111> and (011)<001>. In this case, the (011)<111> system is preferable
because it is characterized by a lower energy barrier and low activation stress. The slip for
this system for the B2 structure would consist of two superpartial dislocations connected by
two nearest-neighbor and next-nearest-neighbor antiphase nanodomain boundaries [26].
Refs. [27,28] considered the case where the edge superpartial dislocation pair glided on a
slip plane across an antiphase nanodomain boundary perpendicular to the Burgers vector.
When the leading superpartial dislocation penetrates the antiphase nanodomain boundary
under the influence of the applied stress, a thin band of perfect crystal forms [27,28]. The
cases in Figure 6d occurred where the trailing superpartial dislocation had not yet reached
the position of the antiphase nanodomain boundary. When the trailing superpartial dis-
location met the antiphase nanodomain boundary, further forward motion required the
creation of an additional area of the antiphase nanodomain as the dislocation crossed the
band of the perfect crystal.



Metals 2023, 13, 1538

10 of 12

Figure 6. Microstructure of aged NigFej9GayyCoyg single crystals after cycling: (a,b) bright-field
images and SAEDPs with the [011]; 1/p, Zone axes of the matrix, w-particles marked with arrows;
(c) bright-field image with L1p-martensite lamella, [011]; ;9 zone axis of the martensite; (d) dark-field
image in the <111>1,; reflex marked with an arrow in the SAEDP from (a), dark-field image showing
bright L2;-domains with tracks from the dislocation motion.

It can be concluded from the foregoing that SE degradation occurs differently in
quenched and aged single crystals. In quenched crystals, the main degradation mecha-
nism is the formation of a uniform distribution of dislocations (Figure 7). In aged single
crystals, the degradation mechanism differs and consists of a non-uniform distribution of
dislocations around the particles and the appearance of residual martensite. The w-phase
particles play the main role in aged crystals. These particles serve as additional stress
concentrators and reduce the cobalt content, embrittling the matrix. There were a large
number of defects and residual martensite fixed around the particles (Figure 7). Therefore,
in aged single crystals, the relaxation of elastic stresses during cyclic tests was more active
than in quenched crystals, as evidenced by the more significant change in the SE parameters
over a smaller number of cycles (Figures 2 and 3). In contrast, the quenched crystals contain
smaller stress concentrators that contribute to the relaxation of elastic stresses. As a result,
locally high stresses that did not relax led to sample destruction without the third stage of
degradation.

quenched crystals after 10° cycles  aged crystals after 10° cycles
1 S T R N N / TITT /\
L . / //){/ \ 'f ;{//\ 1+ dislocations
/ ke \\ v &\’\\&\\ a particles
N4

< ] l yyy tﬁ ~ /%?‘ residual martensite
NS PR,

Figure 7. Scheme of microstructures of aged and quenched NigyFej9Gay;Coqg single crystals after

cycling.
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5. Conclusions

It was experimentally established that quenched and aged Niy4Fe19Gay7Co1g single
crystals (at.%) withstood 10° loading/unloading cycles of SE at 295 K without breaking,
which makes it promising for applications.

For the quenched crystals (quenched after annealing at 1448 K for 1 h), the degradation
process of SE consisted of two stages: the first stage of the initial degradation with a
significant decrease in the SE parameters and the second stage of high cyclic stability
and small parameters change. The main degradation mechanism was the formation of a
uniform distribution of dislocations.

Aging at 773 K for 1 h caused the precipitation of particles of the w-phase with a
size of 70-100 nm, which led to the change of both the degradation process of SE and the
microstructural degradation mechanisms. The degradation process was more intensive
and occurred in smaller number of cycles with an additional cyclic fatigue stage, where
SE parameters decreased sharply. The microstructural degradation mechanisms consist
not only of a non-uniform distribution of dislocations but also include accumulation of the
dislocations around the particles, which can contribute to pinning the residual martensite.
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