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Abstract—This study reveals the impact of the formation mechanism of a two-phase (B +7v) structure during
heat treatment on thermoelastic L2,(B2)-10M/14M-L1, martensitic transformations and elastocaloric para-
meters of polycrystalline NissFe9Gay; alloy. It is experimentally shown that annealing of the as-cast
NisyFe9Gay; alloy in the temperature range 1173—1463 K for 0.5 h followed by water quenching leads to the
precipitation of the y phase at grain boundaries and inside grains. As the annealing temperature increases
from 1173 to 1463 K, the thickness of the y-phase layer at the grain boundaries doubles, particles inside the
grains coarsen, and their volume distribution becomes nonuniform. Simultaneously, the martensitic transfor-
mation temperatures increase by 31-69 K. The nonuniform distribution of the y-phase particles and the mor-
phological features of martensite (refinement of its twinned structure) lead to a 5—6-fold widening of the mar-
tensitic transformation intervals in crystals annealed at 1448 K compared to the as-cast alloy. After cyclic su-
perelastic tests with 20 to 100 loading/unloading cycles, two-phase (f +v) polycrystals demonstrate the stable
adiabatic cooling temperature AT,q (2.7-3.0K) and do not crack along grain boundaries, unlike those in the
as-cast state. Significant fatigue strength and a high coefficient of performance (up to 18.3) make (B +vy)
Nis4Fe 9Ga,; polycrystals promising for practical use in solid-state cooling.
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1. INTRODUCTION

An urgent need to develop new materials for envi-
ronmentally friendly and high performance solid-
state cooling systems has arisen due to the adverse
environmental impact of refrigerants used in vapor
compression refrigeration systems. One of the most
promising technologies is based on the elastocaloric
effect [1]. This effect manifests itself in loading/
unloading cycles of shape memory alloys, which,
thanks to thermoelastic martensitic transformations
and significant reversible strains, have already pro-
ven themselves to be effective functional materials
used in actuators and sensors, medical tools and im-
plants. Elastocaloric cooling is observed in the tem-
perature range of superelasticity and is based on a de-
crease in the material temperature during reverse
martensitic transformations under adiabatic condi-
tions. Important requirements for elastocaloric mate-
rials are a high cooling capacity, a wide range of ope-
rating temperatures, and cyclic stability of superelas-
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tic and elastocaloric parameters [2]. This ensures the
durability and high performance of solid-state cool-
ing systems. Despite numerous studies on the elasto-
caloric effect of a number of alloys (CuZnAl, NiTi,
CoNiGa, and CoNiAl) [2—4], the development of ma-
terials with the most favorable combination of these
parameters is still relevant.

Ferromagnetic NiFeGa alloys, which undergo ther-
moelastic L2,(B2)-10M/14M-L1, martensitic trans-
formations, are considered high on the list of candi-
dates for solid-state cooling. When the shape me-
mory effect and superelasticity manifest themselves,
these alloys experience significant reversible strains
close to theoretical ones (+13.5% in tension and
—6.2% in compression) [5, 6]. Unlike NiTi with a
narrow temperature range of the elastocaloric effect
(~50K), NiFeGa single crystals are characterized by
the stable adiabatic cooling temperature AT,q=6—
13K [2, 7-9] in the entire temperature range of su-
perelasticity, reaching 200K under compression.
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Practical application of single crystals presents a
problem because of the complexity and high cost of
their production, while the production of polycrystal-
line materials is more cost-efficient. The main obsta-
cle to their use is brittle fracture at grain boundaries
on account of the incompatibility of strains in neigh-
boring grains during transformation [1]. Different
orientations of grains with respect to external loading
and a strong orientation dependence of strain during
stress-induced martensitic transformations are key
factors in stress concentration and grain boundary
cracking of the material. One of the ways to increase
the plasticity is to eliminate triple junctions of grains
by forming an oligocrystalline structure [10], which
increases the reversibility of martensitic transforma-
tions and makes the superelastic characteristics closer
to those of single crystals, as shown by an example
of CuAINi wires [11]. In [12, 13], grain boundary
cracking of polycrystalline NiMnGa and CuZnAl al-
loys was reduced by grain refinement and strengthen-
ing of grain boundaries by such elements as Zr, Ti,
B, V, Cr, and Gd. Finally, the resistance of polycrys-
tals to fracture can be increased by forming a layer of
the ductile y phase along grain boundaries. It was
shown that the two-phase (B+7) structure signifi-
cantly improved the plasticity and fatigue resistance
of the material [1, 14, 15]. The distribution of se-
cond-phase particles along grain boundaries and in-
side grains, their size and volume fraction affect mar-
tensitic transformations and depend on the heat treat-
ment mode required to obtain a two-phase (B+7y)
structure of the alloy. However, the previous investi-
gations of NiFeGa polycrystals were carried out after
the only possible heat treatment mode, and no depen-
dence of the functional properties on the resulting
microstructural parameters was found. Therefore,
this work is devoted to the formation of a two-phase
(B+7v) structure during heat treatment and its influ-
ence on thermoelastic martensitic transformations
and the elastocaloric effect in polycrystalline NissFejg
Gay; alloy.

2. EXPERIMENTAL PROCEDURE

Polycrystals of ferromagnetic NissFe9Gay; alloy
(at%) were obtained by arc melting in an argon at-
mosphere. A cylindrical ingot 9 cm long and 1.2 cm
in diameter was obtained upon crystallization. Along
the ingot edge, where the cooling rate was the high-
est, a narrow region with numerous fine grains was
formed. The main volume consisted of long colum-
nar grains directed towards the center, which formed
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parallel to the heat flow direction during cooling.
Their length ranged from 0.3 to 4.0 mm, and the ave-
rage transverse size was 100—-170 um. Compression
specimens were spark cut out of the ingot, outside the
edge area, in the shape of a rectangular parallelepiped
with the dimensions 3 x3 x 6 mm’. The loading axis
of the specimens was chosen parallel to the longitudi-
nal axis of the ingot, and consequently grains were
elongated perpendicular to the loading axis of the
specimen. Before testing, the specimens were ground
and electrolytically polished. To study the influence
of the heat treatment mode on martensitic transfor-
mations and the elastocaloric effect, we used as-cast
polycrystals and those water quenched after high-
temperature annealing for 0.5 h at different tempera-
tures: 1173, 1273, 1423, 1448, and 1463 K. These
annealing temperatures correspond to the two-phase
(B+7y) field in the phase diagram of the NissFe0Gays
alloy [16].

The surface microstructure of the polycrystalline
NissFe 9Gay; alloy was studied by optical metallogra-
phy using a Keyence VHX-2000 microscope. The
volume fraction of the y phase was determined using
the software embedded in the Keyence VHX-2000
microscope. The elemental composition of the poly-
crystals was analyzed by energy-dispersive X-ray
spectroscopy on a TESCAN VEGA 3 scanning elec-
tron microscope. The phase composition of the speci-
mens was determined by X-ray diffraction analysis at
room temperature on a Shimadzu XRD 6000 X-ray
diffractometer (CuKa radiation). Diffraction patterns
were interpreted using the PowderCell 2.4 program.
Thermal characteristics and temperatures of marten-
sitic transformations (start and finish temperatures of
direct (M, and M) and reverse (A4 and Ay) transfor-
mations) were calculated during cooling/heating in a
free state from the temperature dependence of heat
flow by differential scanning calorimetry using a
NETZSCH DSC 404 F1 calorimeter at the heating/
cooling rate 10 K/min. The error for the characteristic
martensitic transformation temperatures was 2 K. Su-
perelastic tests were carried out on an Instron 5969
electromechanical testing machine with the stress er-
ror £2 MPa. The microstructure of the polycrystals
was studied using a Hitachi HT-7700 transmission
electron microscope. Thin foils for microscopy were
prepared by jet polishing using a Tenupol-5 installa-
tion.

The adiabatic cooling temperature AT,q was deter-
mined under superelastic conditions by measuring
the specimen temperature with a highly sensitive
T-type thermocouple. To register the elastocaloric ef-
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Fig. 1. Optical metallography of the surface of polycrystalline Nis4Fe;9Gay; alloy in the as-cast state (a) and after annealing for
0.5 h followed by quenching at 1173 (b), 1273 (c), 1423 (d), 1448 (e), and 1463 K (f) (color online).

fect, the specimen was loaded at a low strain rate of
2.0x107°s" to the given stress and then held at this
level for 6s to equalize the specimen temperature
with the test temperature. For a closer approximation
to adiabatic conditions, unloading was carried out at
a high strain rate of 6.7x10's™'. The time depend-
ence of the specimen temperature was recorded using
a data acquisition module consistently in time with
the o(€) curves. The error for AT,q was 0.5 K.
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3. RESULTS AND DISCUSSION

Figure 1 presents the results of optical metallogra-
phy of the surface of polycrystalline NissFe,9Ga,; al-
loy in the as-cast state and after heat treatments. The
results of X-ray diffraction and transmission electron
microscopy of the polycrystalline NissFe 9Gay; alloy
in the as-cast state are shown in Figs.2a and 3, res-
pectively. It is shown that, after melting at room tem-
perature, the polycrystals are in the high-temperature
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Fig. 2. X-ray diffraction patterns of polycrystalline NissFe 9Ga,; alloy in the as-cast state (a) and after annealing at 7= 1448 K for

0.5 h followed by water quenching (b).

PHYSICAL MESOMECHANICS Vol.27 No.4 2024
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Fig. 3. Microstructure of polycrystalline NisyFe;9Ga,; alloy in the as-cast state: SAED pattern of L2, austenite, axis of the
[011];, zone (a), and dark-ficld image in the superstructural {111} reflection demonstrating antiphase domains (b).

B phase (Figs. 1a, 2a). No y-phase peaks are observed
in the X-ray diffraction pattern (Fig. 2a). Superstruc-
tural {111} reflections detected in the SAED patterns
point to the L2, structure of the high-temperature
B phase with the lattice parameter 0.576 nm (Fig. 3a).
It is known [17] that superstructural reflections for
which, according to the extinction rules, the follow-
ing condition is satisfied: 4, k, [ are odd, and A+k+
[=2n+1 ({111}, {311} and {331} reflections), are
absent in the B2 structure. As can be seen from
Fig. 1a, there is a small volume fraction of fine oxide
particles along grain boundaries and inside grains,
which were formed during melting. It is assumed that
these particles do not have a significant effect on the
material properties [18].

High-temperature heat treatments lead to the for-
mation of a two-phase ( +v) structure (Figs. 1b—1f).
After annealing at 7=1173 and 1273 K followed by
water quenching, the second phase is precipitated
along grain boundaries in the form of a continuous
thin layer 2-3 um thick and numerous fine particles
up to ~30 um long inside grains (Figs. 1b, 1c). With
treatment temperature (1423, 1448, and 1463 K), the
structure changes. Instead of a continuous layer, indi-
vidual elongated particles up to 6 pm in thickness are
formed along grain boundaries, thus certain boundary
sections are free of the y phase. Grains smaller than
90-100 pm are free of particles. The maximum parti-

cle length reaches 60 um, while their number inside
grains decreases (Figs. 1d—1f).

Figure 2b shows an X-ray diffraction pattern of
the polycrystal after high-temperature annealing at
T=1448K for 0.5h followed by water quenching. It
is seen that the heat treatment results in the formation
of y-phase particles characterized by a face-centered
cubic (fce) lattice with the parameter 0.36 nm. Along
with the y-phase peaks, the X-ray diffraction pattern
has peaks corresponding to a monoclinic structure
with the parameters a=0.4204nm, b=0.2697 nm,
¢=2.8963nm, and B=85.27°, which, according to
[19], corresponds to layered modulated 14M marten-
site. The presence of the 14M martensite peaks indi-
cates an increase in the characteristic martensite start
temperature in the annealed state. It is known [5] that
14M martensite is an intermediate structure, and,
upon further cooling and/or under loading, the
NissFe9Gay; alloy structure transforms into tetrago-
nal L1, martensite.

The elemental analysis of the NissFe9Ga,; poly-
crystals after high-temperature heat treatments shows
that the composition of the matrix is close to the no-
minal one (Table 1).

Figure4 shows SEM images of the surface of
NissFe9Gay; polycrystals annealed at 7=1273 and
1423 K and the results of elemental analysis when
scanning along a line intersecting the grain boundary

Table 1. Results of elemental analysis of NissFe 9Ga,; polycrystals after annealing
at 7=1273 K for 0.5 h followed by water quenching

Chemical composition, at %
Fe Ga
Matrix 54.7+0.5 18.4+0.2 26.9+0.7
Grain boundary y phase 544+£15 253+0.3 203+1.7
y-phase particles inside a grain 534+09 247+1.5 21.9+2.2
PHYSICAL MESOMECHANICS Vol.27 No.4 2024
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Fig. 4. SEM image of the surface of NissFe ¢Gay; polycrystals after annealing at 7=1273 K for 0.5 h (a) and at 7=1423 K for
0.5h (b) with elemental analysis of the surface along the line indicated in (b) through the grain boundary y-phase interlayer (c)

(color online).

v-phase interlayer. It can be seen that the y-phase pre-
cipitate is enriched in Fe and depleted of Ga compar-
ed to the matrix, which is also consistent with the
data from Tablel for the alloy annealed at 7=
1273 K for 0.5 h. Similar relations between the che-
mical compositions of the matrix and the y phase of
NiFeGa alloys were deduced in [6, 14, 16].

The dependence of the martensitic transformation
temperatures on the heat treatment temperature in
NissFe 9Gayy polycrystals is shown in Fig. 5. The as-
cast polycrystals are characterized by the martensitic
transformation temperatures M;=284K and A=
296 K. Annealing at T=1173 K for 0.5h leads to a
decrease in the temperatures (M;=259K and A¢=
269 K) compared to the as-cast alloy.

Two intervals can be distinguished in the depend-
ence of the start and finish temperatures of direct M,
and reverse martensitic transformations A4r on the an-
nealing temperature. In the first interval from 1173 to
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Fig. 5. Martensitic transformation temperatures (M, Ay)
depending on the annealing temperature for Nis,Fe oGay;
polycrystals (color online).

1423 K, the martensitic transformation temperatures
gradually increase, approaching the values of the as-
cast alloy. With a further increase in the annealing
temperature (the second interval from 1423 to
1463 K), the martensitic transformation temperatures
sharply increase, so that they exceed the values of the
as-cast alloy (M;=284 K, 4;=296 K, and M;=325K,
Ar=338 K after annealing at 7= 1463 K).

Further investigation of thermal characteristics,
superelastic and elastocaloric parameters was per-
formed on polycrystals in the three structural states:
after arc melting (state I) and after annealing at 7=
1273 K (state [I) and T=1448K (state III) for 0.5h
followed by water quenching. These treatment tem-
peratures were chosen because they lie in the central
part of each of the two temperature intervals (1173—
1423 and 1423-1463 K). For states Il and III, the vo-
lume fraction of the y phase located both inside gra-
ins and along boundaries is 18 and 24%, respectively.
Figure 6 shows calorimetric curves for direct and re-
verse martensitic transformations.

State I is characterized by sharp and narrow peaks
of heat release and absorption during martensitic
transformations in the cooling/heating cycle. When
cooled in a free state, martensite is twinned in the
grain, so that large lamellae pass through the grain,
inducing high internal stresses at its boundaries
(Fig. 7).

As can be seen from Table 2, the second-phase
precipitation in states II and III causes the tempera-
ture ranges of direct A; =M;— M and reverse A, =A4,—
Ar martensitic transformations to widen (from 8 K in
state [ to 13 K in state II). In state III, A; and A, en-
large by 5-6times compared to those in state I and
amount to 38-50 K.

PHYSICAL MESOMECHANICS Vol.27 No.4 2024
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Fig. 6. Differential scanning calorimetry curves obtained
during cooling/heating for NissFe9Ga,; polycrystals: in
the as-cast state (state I), after annealing for 0.5h at 7=
1273 (state IT) and 1448 K (state III) (color online).

Thermodynamic analysis of martensitic transfor-
mations reveals that the temperature ranges of direct
and reverse transformations A; and A, characterize
the elastic and surface energy |AG.y(1)| accumulated
in the material during martensitic transformations
[20, 21]:

|AGrev(1)| = (Al + AZ)ATSa (1)

where AS is the change in entropy during transforma-
tion.

Thus, widening of A; and A, in the two-phase po-
lycrystals (states I and III) compared to the single-
phase ones (state I) is associated with an increase in
the elastic and surface energy due to the presence of
particles that do not undergo martensitic transforma-
tions. Much wider temperature ranges of direct and
reverse martensitic transformations in states II and III
are also explained by the morphology of the resulting
martensite. Upon cooling of the two-phase (B+7)
crystals, various types of finely dispersed martensite
form in the same grain (Figs. 4a, 4b), in contrast to
large martensite lamellae passing through the grain
of the as-cast polycrystals (state I) (Fig. 7). This leads
to an increase in the density of twin boundaries in

50 um

Fig. 7. Optical metallography of the surface of polycrys-
talline NissFe9Ga,; alloy in the as-cast state at a tempe-
rature below M (color online).

martensite, provides a better elastic accommodation
of deformation during transformation for misoriented
grains, and increases the elastic and surface energy
|AGrey(1)| accumulated in the state II and III alloys
during martensitic transformations.

The wide temperature ranges A, and A, in state 111
(38-50K) can be also contributed by the inhomoge-
neous structure of the material: y-phase particles are
undetected both in fine grains and along bounda-
ries of coarse grains at a distance of ~50 pm. This
can lead to martensitic transformations in zones with
different microstructures in different temperature
ranges.

Despite the enlargement of the temperature inter-
vals A; and A,, the hysteresis value AT=A4¢— M; re-
mains almost unchanged for all three states (AT=
12K (state 1), 11 K (state II), 10K (state III)). It is
known that the temperature hysteresis determines the
energy dissipation in the cycle during martensitic
transformations [20, 21]:

AS
2“‘ (Ap = My). (2)
From the obtained data (Fig. 5, Table 2), it follows

that, in crystals with a (B +vy) structure, energy dissi-

|AGﬁ.| =

Table 2. Temperatures of martensitic transformations, temperature intervals, and thermal hysteresis in

NissFe 9Gay; polycrystals in the three states

State M, K My K A, K A K ALK Ay K AT, K
As-cast (I) 284 276 288 296 8 8 12
1273 K, 0.5h (I) 263 250 261 274 13 13 11
1448 K, 0.5 h (IIT) 317 279 277 327 38 50 10
PHYSICAL MESOMECHANICS ~ Vol.27 No.4 2024
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Table 3. Thermal characteristics of Nis;Fej9Ga,; polycrystals in the three states

State Cp, J(kgK) AS™ . J/(kg K) AS"™ T/(kg K) AT, K
As-cast (I) 455 16.8 15.9 10.1
1273 K, 0.5 h (IT) 444 15 11.9 72
1448 K, 0.5 h (III) 505 12.8 11.1 7.1

pation during reversible martensitic transformations
does not increase compared to the state I alloy, which
should contribute to the cyclic stability of functional
properties of the material, including elastocaloric
cooling, regardless of the structural state.

The change in entropy during direct AS* ™ and re-
verse AS martensitic transformations was deter-
mined using differential scanning calorimetry (Ta-
ble 3). Since not the entire volume of the material ex-
periences martensitic transformations in the two-
phase structure, AS during both direct and reverse
martensitic transformations in the state Il and III al-
loys decreases compared to the state I alloy. The spe-
cific heat capacity C, for state I is C, =455 J/(kg K).
In state II characterized by numerous fine particles in
grains, C, decreases by 11J/(kgK). A similar de-
crease in the heat capacity is demonstrated by
NisyFe 9Gay; single crystals annealed at 1373 K for
0.5h, in which 5-35um particles precipitate, as
shown in [7]. In state III, the heat capacity increases
to 505 J/(kg K).

The experimental values for the entropy change
during reverse martensitic transformations AS¥ ™ and
the specific heat capacity C, can be used to find the
theoretical resource of adiabatic cooling of the mate-
rial [2]:

T,ASM

Azt =108 3)

G

where T = (M, + 4;)/2 is the temperature of chemi-
cal equilibrium of the austenitic and martensitic
phases.

The theoretical temperature of adiabatic cooling
AT/, derived by this formula for state I is 10.1 K. For
two-phase (B+7) structures (state II and III), the
theoretical temperature is lower: 7.2 and 7.1K, re-
spectively.

The investigation of superelasticity of NissFe 9Ga,;
polycrystals in states I and II is carried out at the
temperature 323 K. Since this temperature for state I11
is below 4¢=327 K, and consequently the shape me-
mory effect appears in the loading/unloading cycle,
superelastic parameters in state III are studied at
348 K. All three states are characterized by low criti-
cal stresses of martensite formation o (150—
200 MPa). In the first loading/unloading cycle, irre-
versible strain 0.5-0.9% accumulates (Fig.8). This
may be due to the fact that the main processes of
stress relaxation and plastic deformation occur along
the boundaries of grains with the greatest incompati-
bility of strains during martensitic transformations. In
subsequent, quite stable and almost completely rever-
sible, cycles of loading to the same strain, the critical
stresses o, decrease by 12 MPa in state I, by 10 MPa
in state II, and by 53 MPa in state Il from those in
the first cycle. A strong decrease in o in state III
may be due to significant plastic deformation of the

o,MPa [xr k. 3mk AT, K 323K
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A;=296K 0
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Fig. 8. Dependences o(|¢|) and the corresponding time dependences of the specimen temperature (inset) when studying the super-
elastic and elastocaloric effects in polycrystalline NisyFe 9Ga,; alloy in various structural states (color online).
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Fig. 9. Superelastic o(¢) curves and the corresponding curves of the specimen temperature on the cycle number (inset) revealing
the elastocaloric effect in polycrystalline Nis,Fe,9Ga,; alloy (color online).

thick y-phase layer along grain boundaries, as well as
due to coarse particles in grains.

The investigation of the elastocaloric effect in the
fourth cycle shows that, in state I, the adiabatic cool-
ing temperature is AT,g=4.3 K, which is comparable
to the literature data for single-phase NissFei9Gay,
polycrystals [1]. For states II and III, AT,4=3.5 K and
3.3 K, respectively. The decrease in the experimental
values of AT, in two-phase polycrystals corresponds

to a decrease in the theoretical resource AT, (Ta-

ble 3). This is due to the fact that y-phase particles do
not undergo martensitic transformations, i.e. not the
entire volume of the material participates in the trans-
formation, which reduces thermal effects. The expe-
rimental values of the elastocaloric effect are lower
than the calculated ones due to the fact that the expe-
rimental conditions are not purely adiabatic due to
the finite rate of unloading and heat exchange with
the grips of the testing machine. In addition, the first
cycles of superelasticity are characterized by signifi-
cant irreversible strain, stabilization of stress-assisted
martensite in deformed regions, and a reduced vo-
lume fraction of the material subjected to stress-as-
sisted martensitic transformations in subsequent cyc-
les.

The first requirement for materials that can be us-
ed in solid-state cooling is cyclic stability of their
functional properties. The cyclic stability of super-
elastic and elastocaloric parameters of NissFe9Gays
polycrystals was studied in 100 loading/unloading
cycles at 323K in states I and II and at 348K in
state III (Fig.9). The test load was set in such a way
that the o(|e|) curve was completely reversible in the
second (third) cycle.

The second important requirement is high perfor-
mance of elastocaloric cooling in the loading/unload-
ing cycle, the most common measure for which is the

PHYSICAL MESOMECHANICS Vol.27 No.4 2024

coefficient of performance (COP). It is defined as the
ratio of the useful energy absorbed by a specimen
from the environment during an endothermic reaction
to the amount of energy dissipated in the thermody-
namic cycle [22]:

T 4)

where p is the material density (p==8450kg/m’ for
NissFe 9Gay [23]).

The o(g) dependence for the studied states be-
comes stable starting from the 20th cycle (Fig.9).
The shape of the curve for the as-cast polycrystals re-
sembles typical superelastic curves for single crystals
and is characterized by critical stresses of start of
martensitic transformation o, =121 MPa and reversi-
ble strain ~1%. The value of the elastocaloric effect
is AT,4=4.4K, and COP=23.3. These values do not
change throughout all 100 cycles.

In two-phase (B+vy) states, the behavior of the
o(e) dependence changes: the strain hardening coeffi-
cient increases during stress-assisted martensitic
transformation, the plateau of martensitic transforma-
tion disappears, and reversible strain decreases. In
cyclic tests, the stable adiabatic cooling temperature
is lower than those measured in the fourth cycle: by
the 20th cycle, AT,q decreases to 2.9-3.0 and to 2.7 K
in states Il and III, respectively, after which it re-
mains unchanged. This is due to stabilization of a
part of the martensite in the first cycles, which makes
no contribution to the thermal effect during subse-
quent loading/unloading cycles, i.e. the material vo-
lume subjected to martensitic transformation is fur-
ther reduced. The COP is 18.3 for state I and 17.1
for state III. Due to the low energy dissipation in the
loading/unloading cycle, the COPs in the two-phase
states with better plasticity exceed the values previ-
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Fig. 10. Microstructure of polycrystalline Nis,Fe,9Ga,; alloy in state I (a), II (b), and III (c) after cyclic superelastic and elastoca-

loric tests (color online).

ously obtained for polycrystalline and single-crystal
NiFeGa(Co) alloys [7, 15, 24].

The structure of specimens tested in 100 cycles is
shown in Fig. 10. Cyclic tests on the state I polycrys-
tals with the highest adiabatic cooling temperatures
(4.4K) and COP (23.3) reveal multiple grain boun-
dary cracking as well as traces of plastic deformation
(Fig. 10a). This is explained by high internal stresses
induced by the incompatibility of strains during
stress-assisted transformation due to the growth of
large martensite lamellae (Fig. 7). In states II and III,
due to elastic and plastic deformation of the grain
boundary y-phase layer during loading/unloading, no
fracture occurs along grain boundaries (Figs. 10b,
10c). In addition, the resistance of the two-phase po-
lycrystals to fracture increases as a result of the
growth of fine crystals of various martensite in the
same grain.

4. CONCLUSIONS

The formation of a two-phase (f +7y) structure and
its influence on thermoelastic martensitic transforma-
tions and the elastocaloric effect were studied on po-
lycrystalline NissFe 9Ga,; alloy subjected to different
heat treatments. The results obtained suggest the fol-
lowing conclusions.

Annealing of NisyFe 9Gay; polycrystals at 1173—
1463 K for 0.5 h followed by water quenching caused
the formation of a two-phase (p+7v) structure: partic-
les of the plastic y phase precipitated both along gra-
in boundaries and inside grains. When the annealing
temperature increased from 1173 to 1463 K, cracks
appeared in the grain boundary y-phase interlayer,
and its thickness increased from 2 to 6 um. Particles

inside grains coarsened, and their distribution be-
came nonuniform.

A rise in the annealing temperature from 1173 to
1463 K contributed to an increase in the characteris-
tic martensitic transformation temperatures by 31—
69 K. The formation of the y phase increased the ac-
cumulated elastic and surface energy during marten-
sitic transformations, which, along with changes in
the martensite morphology, widened in the tempera-
ture ranges of martensitic transformations at a con-
stant hysteresis AT in two-phase (B+7y) polycrystals
of the Ni54Fe19Ga27 alloy.

The formation of a ductile y-phase interlayer at
grain boundaries improved the plasticity and fatigue
strength of the material compared to the single-phase
state due to compatibility of transformation strain at
the boundary during martensitic transformations and
reduced stress gradient. High fatigue strength and
high COPs (17.1 and 18.3, respectively) make two-
phase (B+7v) polycrystals of NissFei9Ga,; alloy pro-
mising for use in solid-state cooling at the adiabatic
cooling temperature AT,q up to 3K in the operating
cycle.

To optimize the two-phase state of NiFeGa alloys
and to use a more complete theoretical resource of
adiabatic cooling AT, it is necessary to form a thin
layer of the plastic y phase along grain boundaries no
thicker than 2-3 um as well as to reduce the size and
volume fraction of particles inside grains to increase
the material volume undergoing martensitic transfor-
mations.
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