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Ni-Fe-Ga foam with hierarchical pore architecture was created by replication casting. The annealed foam
had an open porosity 53% and reversible superelasticity with recoverable strain 4.9%. An adiabatic temperature
change of 4.1 K with low hysteresis and coefficient of performance 22 were obtained under an external stress
70 MPa. The foam showed improved cyclic stability (~2.8 K in 194 cycles) because of low hysteresis loss under
small stress and high crack initiation/propagation resistance in small size nodes and struts, which demonstrated a
feasible strategy to enhance the mechanical and functional stabilities of ferromagnetic shape memory alloys via
tailoring the material architectures. Nevertheless, the achieved elastocaloric cooling stability still cannot satisfy
(107 cycles) the commercial application, therefore, it should be further explored to become a promising candidate

for elastocaloric material.
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In recent decades, solid-state refrigeration based on elas-
tocaloric effects (¢CE) has been emphasized over vapor com-
pression technology because of high compactness, efficiency,
and ecofriendliness [1]. When the applied uniaxial stress
varies its intensity adiabatically/isothermally, a temperature
change or entropy variation may occur in eCE materials
[2,3]. Large adiabatic temperature changes (AT,;) have been
demonstrated in some conventional (NiTi [4,5] and Cu-based
[6]) and ferromagnetic (Ni-Mn-[7,8] and Ni-Fe based [9])
shape memory alloys (SMAs). Although NiTi alloys are em-
ployed in many eCE prototypes due to large AT, and good
mechanical properties [10], albeit ferromagnetic (FM)SMAs
undergo stress-induced martensite transformation (SIMT) at
much lower stress which is useful for miniaturized eCE re-
frigeration [11,12].

Among these, Ni-Fe-Ga (FMSMAs) exhibited attractive
eCE properties because of their low cost and high ductility
with favorable mechanical properties [13,14]. Excellent AT,
(7.5-13.5 K) with high cyclic stability (over 10* cycles)
has been confirmed in Ni-Fe-Ga single crystals [12,15,16].
However, the fabrication of single crystals is difficult and time
consuming [17]. By contrast, polycrystalline Ni-Fe-Ga alloys
may be produced via low-cost casting, but they are brittle and
have a high intergranular fracture tendency during martensite
transformation [18]. As a result, polycrystals of Ni-Fe-Ga
alloys rarely show stable eCE during (10-100) cycles [18],
which seriously restricts their application for commercial
cooling [19,20].

Therefore, numerous approaches have been employed to
improve the working stability of SMAs, e.g., adjusting the
stress mode [20], surface finishing [21], introducing texture
[22], toughening via secondary phase [18], microalloying
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[23], and grain refinement [24]. Given that the mechani-
cal instability of polycrystals is induced by grain bound-
ary constraints, it is possible to decline the constraints via
introducing pores in polycrystals. For instance, Ni-Mn-Ga
polycrystals with 76% porosity showed stable magnetic field
induced strain (MFIS) over 25 million magneto-mechanical
times [25]. La(Fe, Si);3 porous alloys with ~25% porosity
demonstrated superior cyclic stability (<10 cycles) and low
thermal hysteresis over counter bulk part (only four cycles)
for magnetocaloric effect [26]. Similarly, our previous studies
revealed that Ni-Fe-Ga single pore foam effectively employed
as an elastocaloric refrigerant [27] with better eCE cyclic
stability (10? cycles) than the bulk alloy (32 cycles) through
reducing the hysteresis energy loss [28]. Additionally, porous
alloys with open pores have a high specific surface area
and thus heat exchange efficiency with surrounding agents
[29,30].

Herein, we report an approach of tailoring the material’s
architecture to further increase the cyclic stability by creating
hierarchical pores in Ni-Fe-Ga polycrystals through a repli-
cation casting method. The dual pore foam has a porosity
53% and a fully reversible superelastic response (4.9%) at
room temperature. A stable AT,; 4.1 K with large spe-
cific cooling strength (JAT/Ac|) 58.6 K/GPa and coefficient
of performance for materials (COP) 22 under an external
stress 70 MPa and eCE cyclic stability up to 194 times
were demonstrated with high crack initiation and propaga-
tion resistance in nodes and struts with size smaller than
grains.

Vacuum induction melting was employed to prepare
Nisz g+030Fe18.7+0.06Gazs 5+0.70 (at. %) parent billets from
high purity elements Ni, Fe and Ga (>99.99%). The prepa-
ration process of dual pore foams via replication casting tech-
nique was similar to that of the Ni-Mn-Ga alloy [31] and is
briefly described here (Supplemental Material Fig. S1a) [32].
Large NaAlO, space holder particles (diameter 350-500 um)
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FIG. 1. The structural characterization of Ni-Fe-Ga foam with hierarchical pore architectures. (a) Optical micrograph showing the
architecture of foam (i.e., LN: large nodes; LS: large struts; SN: small nodes; and SS: small struts), while (b) both large (A) and small
(B) pores are depicted in SEM picture. Image analysis provides the (c) mean size of various large/small nodes and the dimensions of the struts
(i.e., LSL: large strut length; LSW: large strut width; SSL: small strut length; and SSW: small strut width) along with (d) the distribution of

pore sizes in Ni-Fe-Ga foam with 53% porosity.

were first poured into the alumina crucible filled with acetone
(1). By controlling the powder mass, the particles just formed
a close packed single layer after settling down (2). Then small
NaAlO, particles (diameter 70-90 wm) were poured into the
crucible, which was allowed to settle between the gap of large
particles (3,4). The above process was repeated several times
until a designed height was reached (5). The crucible was
heated at 321 K for 24 h to remove acetone and then sintered
at 1773 K for 3 h to create the NaAlO, preform (6). Finally,
the preform was evacuated to ~3.8 x 1073 Pa, heated to a
temperature 1603 K at a rate of 7 K/min to melt the alloy
and infiltrated with melting Ni-Fe-Ga alloy under a pressure
1.34 atm. After infiltrating, the alloy was cooled to room
temperature inside the furnace.

The prepared Ni-Fe-Ga/NaAlO, composite was immersed
in mixed acids 2% HF + 10% H,SO,4 and treated under son-
ication for 2400 min, as shown in Fig. S1b [32]. The mass
loss rate is high at the beginning but gradually decreased after
1600 min, because of the reduced content of NaAlO, exposed
to acids. A porosity of 48.5% was reached at the end of stage
I (2400 min). After the sample was moved into a 2% HF +
10% HNOj; acid bath and sonicated for 10 min, followed by
treatment in 2% HF + 10% H,SO,4 acids, the mass loss rate
increased again because the 2% HF 4 10% HNO; solution

may dissolve the Ni-Fe-Ga alloy while 2% HF + 10% H,SOy4
cannot.

In stage II, NaAlO, particles encapsulated by alloys were
exposed to acids and thus removed, which resulted in the
complete removal of NaAlO, and a final porosity 53%. By this
means, high integral nodes and struts showing a hierarchical
architecture, which are crucial for carrying loads by plastic
hinging or bending under compression [33], were obtained
(Fig. 1). Homogeneous distribution of the large (A) and small
(B) pores along with the structural architecture of foam, i.e.,
the large /small nodes and struts, can be observed in Figs. 1(a)
and 1(b). An image analysis was carried out to characterize
the architecture of hierarchical pore foam through pore size
distribution and wall thickness, as illustrated in Figs. 1(c)
and 1(d). The large/small nodes varied from 193 to 327 um
and 101 to 183 um in length, respectively. Similarly, the
length of large struts changed from 160 to 270 um with the
average width of 81 um, while the length of small struts
fluctuated from 70-123 um with the average width of 33 um
[see Fig. 1(c)]. From the image analysis of Ni-Fe-Ga foam
[Fig. 1(a)], 924 pores were obtained with various diameters
(38-650 um), which were divided into n = 7 intervals for pore
size characterization. As a result, the pore size distribution
curve was plotted between the relative frequency and pore
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diameters [Fig. 1(d)]. The diameters range between 50 and
550 ym exhibited the maximum pores of ~97%, which are
strongly correlated to the originally designed values. More-
over, the highest frequency of 82.5% confirmed the existence
of small pores (50-150 um diameters) compared to the 7.25%
large pores (350-550 um diameters).

The foam specimens with size 4 x 4 x 8 mm® were
cut through a diamond saw and annealed at a temperature
1453 K for 5 h, then quenched in water to create a sin-
gle B-phase state. The composition of the annealed foam
was determined to be Nis 940 50F€19.2+021Ga27.9+0.56 (at. %)
by energy dispersive spectroscopy on a scanning electron
microscope (SEM, Zeiss Supra 55 SAPPHIRE). The mi-
crostructure was characterized by an Olympus PMG3 opti-
cal microscope and PANalytical Empyrean x-ray diffraction
(XRD) with Cu-Ko radiation under the reflection mode.
TA Q-200 differential scanning calorimeter (DSC) with the
heating/cooling rates of 10 K/min was utilized to study
the martensite transformation (MT) behavior. Instron 5569
and 5982 universal testing machines were employed to con-
duct compression experiments at room and elevated tem-
peratures, respectively. The compressive superelastic tests
were performed with strain rate-driven mode (lower 1.7 x
10~#s~! and higher 2.0 x 102s~! strain rates were used
for isothermal and adiabatic conditions, respectively) under
constant external stresses (50-70 MPa). The AT, and local
temperature evolution were detected by infrared (IR) ther-
mography (FLIR A325sc) with frame rate 30 Hz, 320 x
240 pixels, spatial resolution 25 um and measurement accu-
racy £2%. The black paint (emissivity = 0.95) was used on
foam sample to decrease the reflection of natural light with
increasing the emissivity of sample surface.

The XRD spectrum confirmed the cubic L2; austenite
(B-phase) in dual pore foam, which has lattice parameter
(a) 5.75 A at room temperature, as shown in Fig. S2 [32].
The MT temperatures for dual pore foam, i.e., My = 280K,
M, =286K, A; = 288K, and Ay = 293K, were evaluated
by the intersection of base and tangent lines, as shown in
Fig. S3 [32]. The MT entropy change can be computed
by AS = AH/Ty(10.7J/kgK), where AH is the enthalpy
change (3.1 J/g) and T is the equilibrium temperature
To = (M;+ My)/2 =289.5K. The low thermal hysteresis
(Ay — M, = TIK) facilitated the reversible superelasticity. The
theoretical adiabatic temperature change (AT;,) can be es-
timated by ATy, = L/C, = 9.54K, where C, is the specific
heat capacity (325 J/kg K) [28].

Figure 2(a) shows the compressive superelastic plots of
the annealed Ni-Fe-Ga foam at a temperature 296 K, slightly
higher than Ay = 293 K. The foam showed a large recovery
strain (&) 4.9% under external stress 60 MPa. The obtained
&rec 18 superior to NiTi [34] (2% & under 45% porosity) and
Cu-Al-Ni [35] (2.6% &ec under 58% porosity) foams.

Moreover, based on the superelastic curves at
various temperatures (296-311 K, Fig. S4a [32]), the
temperature-dependent critical stresses during forward
(%u: = 0.9MPa/K) and reverse (%% = 1.3MPa/K) MTs
are determined (Fig. S4b [32]), which are comparable
to some other SMAs, e.g., Co-Ni-Ga (2.0 MPa/K) [36],
Fe-Pd (1.0 MPa/K) [37], and Ni-Fe-Ga (1.4 MPa/K)
[16]. According to the Clausius—Clapeyron relation

AS._. = —%j—‘}am the values of stress-induced entropy

changes (AS._. = 2.30J/kgK, 2.62 J/kg K and 3.0 J/kg K
under 50, 60,and 70 MPa, respectively) during forward MT
can be determined at 296 K, where % (0.9 MPa/K) is the
temperature dependent critical stress (austenite — martensite
phase), p (8235kg/m?) is mass density and g, is MT
strain (2.1%, 2.4% and 2.8% accordingly). In order to
achieve the maximum AS estimated from DSC, the much
larger stress value is required to achieve the complete MT,
which seems higher than the fracture limits in our foam
samples [see Fig. 2(a)]. In addition, the transformation
strains and corresponding entropy changes measured from
the Clausius-Clapeyron relation during forward MT in
Ni-Fe-Ga foam under various stresses (50, 60, and 70 MPa)
and different temperatures (296, 301, 306 and 311 K) are
summarized in Fig. S5 [32]. Furthermore, the less adiabatic
temperature change (AT._. =T AS/C, = 2.09, 2.4, and 2.73
K under 50, 60, and 70 MPa, respectively) estimated from the
Clausius-Clapeyron expression may also be attributed to the
incomplete MT under low isothermal applied stresses.

Figure 2(b) displays directly measured adiabatic tempera-
ture change (AT,,) during loading and unloading processes
at a strain rate of 0.02s~'. AT,, increases with increasing
applied stresses due to a large fraction of SIMT. Under an
external stress 60 MPa, AT,,; is determined to be 3.4 K
during loading and —3.3 K during unloading, which is in good
agreement of AT._. = 3.5K. The maximum AT,; 4.1 and
3.8 K is obtained during loading and unloading, respectively,
under higher stress 70 MPa, which is still less than ATy, =
9.5 K evaluated via DSC.

The smaller AT,; may ascribe the nonideal adiabatic
condition [38] with inhomogeneous temperature distribu-
tion [28] due to various sizes of struts, nodes, and pores,
which was determined from the whole sample surface
through “Mean” temperature mode (averaging the nodes
and struts temperature). Furthermore, the struts and nodes
were not only deformed due to bending or hinging but
also axially deformed under compression [33]. Therefore,
the inhomogeneous SIMT occur in various (i.e., the bend-
ing/hinging and axially deformed) parts, which causes the
less eCE activity under bending or plastically hinging parts
due to higher stress concentration at the connection sites
between nodes and struts. Finally, in comparison to esti-
mated value, the annealed foam exhibited lower AT,; un-
der bending parts of material. Nevertheless, the measured
AT,; 4.1 K in the present Ni-Fe-Ga foam is comparable to
some well-studied eCE alloys including NissFe 9Gay; (4.0 K)
[18], NigsMngSni; (4.0 K) [11], Nigs7Mnze6ln;33Cos
(35 K) [39], CuﬁgAh@anﬁ (40 K) [40], and Ni32'5Ti54'9CU12.6
(4.1 K) [41].

To reveal the temperature profile throughout the sample
surface, a series of infrared images were taken at an interval
~0.72s [see Fig. 2(c)] during a cycle under 70 MPa. It is
worth noting that AT,; is not uniform on foam specimen due
to various geometries of struts and nodes, as shown in the inset
of Fig. 2(a). In addition, the local stress concentration at sharp
tips of pores is favorable for SIMT even at low nominal stress
[42], while the thinner struts and nodes may homogeneously
drive a higher percent of SIMT [43] in the present hierarchical
foam.

Application of an eCE material also requires high working
stability. We carried out multiple compressive cycles at 296 K
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FIG. 2. Superelastic and elastocaloric effects (eCE) in the annealed Ni-Fe-Ga foam. (a) Superelastic stress-strain curves under various
stresses 50, 60, and 70 MPa, while the inset shows the architecture of the dual pore foam, (i.e., N: large nodes; P: large pores; S: large struts;
n: small nodes; p: small pores and s: small struts), (b) Evolution of the adiabatic temperature change (AT,,) during loading and unloading at a
strain rate 0.02s™', (c) Series of infrared images (time interval between adjacent images is ~0.72 s) showing the temperature evolution during

a cycle marked in (b).

to reveal the working stability of the annealed Ni-Fe-Ga foam.
It can be seen from Fig. 3(a) that SIMT takes place during
the first cycle but shows a residual strain of 0.25% upon
unloading. The irreversibility may be ascribed to dislocations
produced during SIMT and stabilization of remnant marten-
site induced by the dislocation strain field [44]. However, the
critical stress for the initiation of SIMT gradually decreases
during the first 10 cycles (from 11.8 to 10.5 MPa) and then
becomes stable due to the training effect [38] as shown in
the inset of Fig. 3(a). Interestingly, the critical stress for
SIMT rapidly decreases between 175 and 194 cycles [inset
of Fig. 3(a)], corresponding to an increase in the maximum
strain [Fig. 3(a)], leading to serious damage of the structure
after 194 cycles and stop of the test. The corresponding AT,
during multiple eCE cycles under an external stress 60 MPa is
given in Fig. 3(b). The dual pore foam maintains the good

cyclic stability up to 194 cycles and AT,, varies between
2.8-3.1 K and 2.2-3.0 K during loading and unloading,
respectively.

The polycrystalline bulk samples deform at various points
because the stress-induced martensitic variants emerged asyn-
chronously in different directions under variable strengths,
which produce strain incompatibilities resulting in the crack
initiation and fracture at grain boundaries [45]. Here, the dual
size pores effectively reduce the grain boundary constraints
through screening the stresses of strain mismatch, even if
the grains span over more than one strut or node [46]. The
SIMT is more obvious and homogeneous in thinner struts
and nodes in dual pore foam as compared to thick nodes and
struts in single pores foam, which implies a higher fraction of
materials subjecting to SIMT in dual pore foam. Therefore,
the plastic deformation confines at low scale, resulting in
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FIG. 3. Superelastic plots and adiabatic temperature change (A7,,) during multiple cycles in the annealed Ni-Fe-Ga foam. (a) Compressive
cyclic stress-strain curves with the reduction of critical stresses as a function of cycle numbers (in the inset) and corresponding (b) AT, from

the test carried out at a temperature 296 K with a strain rate 0.02s~

enhanced ductility in small-sized materials. In addition, the
thick nodes store energy during bending/hinging of thin struts
(i.e., low energy dissipation during SIMT) that remarkably
reduce the hysteresis energy loss during eCE cycling (see
Fig. S6 [32]) and thus enhancing the superelastic stability
in dual pore foam. Consequently, the hierarchical pore ar-
chitecture approach in Ni-Fe-Ga alloys produces superior
eCE stability over bulk polycrystalline FMSMA:, i.e., single-
/dual-phase NissFe 9Gay; [18], NigsMnszg 4In 3 6Cos [47], and
(Nis; sMns3Inis 5)99.7Bo.3 [38].

To evaluate the cooling efficiency of dual pore foam, the
coefficient of performance for material (COP = %) [5] can
be described by the ratio of cooling power to the mechanical
input work. The cooling power (Q = AT Cpp) was estimated
from the maximum temperature change of material and
the specific heat capacity, while the mechanical input work
W = 55 ode) was evaluated by the area enclosed between the
loading and unloading stress-strain loop under the assumption
of work recovery for all the materials referred in Fig. 4. So,
the maximum COP was calculated to be 22 for the current
dual pore foam under 70 MPa. As the numbers of stable
cycling and materials cooling efficiency are both important,
we summarized Ni-Fe-Ga alloys with single-/dual-phase
[18] and single [28] /dual pores and some well-studied eCE
materials in Fig. 4.

It can be seen from Fig. 4 that the present dual pore
foam demonstrates the highest cyclic stability (194 cycles) for
polycrystalline Ni-Fe-Ga bulk alloy, i.e., single 8 phase (10
cycles)/dual-phase (100 cycles) [18] and single pore foam [28]
(100 cycles). Moreover, the current cyclic stability (194 cy-
cles) even seems superior to many polycrystalline FMSMAs,
e.g., Ni-Mn-In (23 cycles) [38], Ni-Mn-Ga (19 cycles) [54],
Ni-Mn-In-Co (15 cycles) [47], Ni-Fe-Mn-Al (30 cycles) [51],
(Ni-Mn-In-Cu)B (100 cycles) [23], Ni-Mn-Ga (100 cycles)
[22], Co-Ni-Ga single crystals (100 cycles) [36], and some
traditional SMAs, i.e., Cu-Zn-Al (100 cycles) [55] and Ni-Ti
(100 cycles) [24,56].

Similarly, the dual pore foam exhibits excellent COP (22)
over various SMAs (see Fig. 4) and also comparable to single

! under maximum stress 60 MPa.

crystals, i.e., Ni-Fe-Ga (23.3) and Cu-Zn-Al (22.8) [15];
textured polycrystals Ni-Mn-Ga (23.7) [54], conventional
polycrystal Ni-Ti-V (22.5) [58], and thin film Ni-Ti-Cu (25.9)
[41]. Therefore, the high cyclic stability (194 cycles) and large
COP (22) for the dual pore foam indicates that it could be a
promising candidate for eCE porous materials.

It is worth noting that very high cyclic stability (10* — 10°
cycles) is achieved in single crystals [15] and thin film [19]
SMAs but their production is difficult and time consuming
[17,21], while NiTi-based alloys degrade remarkably during
multiple cycling [41,58]. Conversely, the dual pore foam ex-
hibits stable AT,; 2.8 K up to 194 cycles, which demonstrates
the possibility of enhancing the working stability via tailoring
the materials architecture. Additionally, our work reveals that
the porosities of dual pore foam may be feasibly tailored for
various applications, e.g., the mechanical properties may be
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FIG. 4. A comparison of coefficient of performance for materials
(COP) and corresponding eCE cycle numbers of the present poly-
crystalline foam with some well-studied eCE materials, e.g., single
crystals [15,36,48], FMSMA polycrystals [18,23,38,47,49-53], tex-
tured polycrystals [22,54], conventional polycrystals [21,24,55-58],
thin films [41], and single/dual foams [28].
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enhanced by designing the pore size equal or smaller than
the grain size. Finally, the hierarchical pores foam with large
surface areas and porosity can also improve the heat transfer
rate and lead to better cooling performance as manifested in
active regenerators [59].

However, the fatigue life may be further improved through
following possible strategies, for instance, fabricating the
mother billets of Ni-Fe-Ga with microalloying the fourth ele-
ment (Cu, Co, Gd, etc.) [23,49,60], introducing the intergran-
ular secondary (y-phase) in current B2-structured (8-phase)
dual pore foam through annealing [13,18], applying the lower
stress to avoid the fracture of thin nodes and struts of dual
pore foam and introducing the texture [22,61] in foam through
directional solidification after the infiltration process.

What is more, the numerous studies [25,31,62] revealed
that FMSMAs foams (i.e., Ni-Mn-Ga) exhibited stable MFIS
over millions of cycles (>10° cycles) under changing mag-
netic field. As the MFIS was formed in different parts of
foam under variable magnetic field, resulting in incompati-
bility of elongation and shrinkage similar to what happens
during applying uniaxial stress, i.e., different stresses exist
in nodes and struts of various thickness. This implies that
it is possible to achieve a high cyclic stability in foams via
appropriate application of the external stress. Consequently,
such a well-established strategy is also promising for other

polycrystalline FMSMAs with limited eCE stability due to the
intrinsic brittleness.

In summary, we demonstrated the enhanced cyclic stability
in Nisp oFe 9 ,Gayy 9 foam with 53% porosity and hierarchical
pore architecture. The dual pore foam exhibited a high su-
perelastic recovery strain of 4.9% at 296 K under 60 MPa
and a large AT, 4.1 K under 70 MPa with high |AT/Ao|
58.6 K/GPa through greater SIMT. The greater percentage of
SIMT existing in the dual pore foam was related to homoge-
neous SIMT at thin nodes and struts, and the low hysteresis
loss as thick nodes may effectively store the elastic energy
produced by thin nodes/struts. Finally, a stable cyclic perfor-
mance up to 194 cycles with AT,; ~ 2.8 K was obtained in
the dual pore foam, which was attributed to low hysteresis
loss under small stress and high crack initiation/propagation
resistance due to dual pore architecture. Although the obtained
cyclic stability is much lower than the practical utilization
(107 cycles) of eCE cooling, it provides a strategy of tuning
the materials architecture via a hierarchy of pore sizes in
improving the mechanical stability of FMSMAs.
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