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HIGHLIGHTS

GRAPHICAL ABSTRACT

Bamboo-grained Ni-Mn-Ga microwires
were prepared and negligible magnetic
hysteresis was attained.

No texture was obtained in the bamboo-
grained microwire at austenite state.
Multi-variants state was obtained in
each grain due to the compositional var-
iation.

Working temperature interval ~71 K
and net refrigeration capacity ~255 J/kg
under 5 T were achieved.
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Bamboo-grained Ni-Mn-Ga microwire is promising for achieving considerable magnetic-field-induced strain due
to less neighboring grain constraints to the twin boundary motion. Such reduction of resistance to interface mo-
tion also favors the reduction of hysteresis in magnetic refrigeration. Here, bamboo-grained Ni-Mn-Ga
microwires were successfully synthesized by a melt-extraction technique and subsequent high temperature
heat treatment at 1323 K for 3 h under Argon atmosphere. Corresponding microstructure, martensite transfor-
mation (MT) behaviors and magnetocaloric properties were investigated. The high specific surface area of the
microwires favored the element evaporation at high temperature, leading to a heterogeneous composition
state, which is responsible for the MT temperature (range) change and the multi-variants state in the bamboo-
grained microwires. Nearly no magnetic hysteresis loss was obtained. The increased compositional variation
led to the partial overlap of the MT and the magnetic transition, resulting in the improvement of the working
temperature interval ~71 K and net refrigeration capacity ~255 J/kg under toH = 5 T, which is heretofore the larg-
est value reported in Ni-Mn-based Heusler alloys. When utilized as refrigerant in a cooling device, such small-
sized microwires can increase the contacting area between the material and the heat-transfer agent, which

helps the heat exchange and thus improve the refrigeration efficiency.
© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The magnetic refrigeration technique is based on the
magnetocaloric effect (MCE), which is defined as the temperature
variation under adiabatic condition or entropy variation under iso-
thermal condition via the application and removal of an external
magnetic field. It is considered as a promising alternative to the
traditional vapor-compression refrigeration technique due to its
outstanding merits such as environmental friendliness, energy effi-
ciency and low cost [1-6]. In the last two decades, magnetic refrig-
eration materials have been widely explored and investigated,
mainly involving the La(Fe, Si);3 system [7-9], Gds(Si, Ge)4 system
[10,11], Mn-Co-Ge-based alloys [12] and Ni-Mn-based Heusler
type alloys [13-21], etc. Among them, considerable attentions
have been paid to the off-stoichiometric Heusler type alloys, i.e.
Ni-Mn-Z (Z = In, Sn, Sb, Ga), where an enhanced MCE can be
attained due to the existence of a coupled first-order
magnetostructural transformation [22-24].

For Ni-Mn-Ga-based alloys, large conventional MCE can be produced
both in the vicinity of the first-order martensite transformation (MT)
and the second-order magnetic transition [21]. Previous investigation
have demonstrated that the MCE in Ni-Mn-Ga based alloys are strongly
dependent on the composition since the MT and the magnetic transition
can be tuned to be overlapped by tuning the chemical composition, i.e. a
first-order magnetostructural transformation between a paramagnetic
austenite and a ferromagnetic martensite can be achieved, giving rise
to a further enhanced MCE [21]. On the other hand, the tunable transfor-
mation temperature feature also enables the possibility of designing
magnetic refrigerators with working temperature close to room tem-
perature [25]. Therefore, the study of Ni-Mn-Ga-based alloys is not
only for scientific research purpose, but more importantly for practical
applications.

Nevertheless, despite the advantages, several drawbacks owing
to the first-order nature of transformation, such as the undesirable
hysteresis and concentrated working temperature interval (WTI),
hamper the available cooling capacity in Ni-Mn-Ga-based alloys
and therefore their practical application in cooling devices. The
hysteresis, which is an inevitable character of the first-order MT,
is mainly related to the resistance to interface motion between
martensite and austenite during transformation [26]. In this case,
reducing the neighboring grain constraints, i.e. increasing the free
surface of the crystal grains, through reducing the sample size, in-
creasing the grain size [27] or directly removing the neighboring
grains out of the alloys [7] was reported to be effectual. Except
for the effect of cutting down the grain boundaries, an unstressed,
untwined interface between the phases which favors to form mar-
tensite with low density of twins would be favorable to achieve
low hysteresis as well [28]. Given these concepts, different config-
urations such as bulk single crystals [28], single crystalline pow-
ders [20], microwires/fibres [21,29], ribbons [30] and porous
foams [7] have been introduced in many kinds of MCE materials
and low thermal hysteresis during MT were successfully attained.
Among them, single crystals are difficult to fabricate and porous
structure would somehow “dilute” the refrigeration efficiency.
Small-sized microwires and ribbons are usually easy to prepare
on a large scale and the defects as well as the fine grains formed
during the rapid solidification processes are favorable for the fur-
ther growth of the grains, where reduced hysteresis can be ex-
pected. However, it has been reported that for bamboo-grained
microwires, the rough free surface was the main obstacles of the
phase boundary motion which would increase the hysteresis [31].
Besides the effect of the coarse grains, usually after certain heat
treatments, the decreased defects density and released internal
stress would further reduce the hysteresis [27,32]. On the other
hand, with respect to the concentrated WTI, small-sized Ni-Mn-
Ga based materials favors the element evaporation (such as Mn)

during high temperature heat treatment, which enlarges the MT
temperature range so that a widened WTI can be expected, espe-
cially when MT and the magnetic transition are partly overlapped
[21].

In this context, a bamboo-grained Ni-Mn-Ga based microwire
with smooth external surface would be beneficial for the hysteresis
reduction and WTI enlargement. During the past decades, the bam-
boo or near bamboo-grained Ni-Mn-Ga microwires have attracted
much interests, mostly concentrate on the exploration of giant
magnetic-field-induced strain (MFIS) [33-35], owing to the re-
duced neighboring grain constraints on the twin boundary motion
which makes them the closest approximation to single crystals.
While few work has been reported regarding the MCE of them.
In our previous work, MCE of several kinds of fine-grained Ni-Mn
based microwires have been investigated and excellent MCE prop-
erties comparable or even superior to those of bulk alloys have
been obtained [21,23,36,37]. Reduced hysteresis losses were
achieved [21,23,36,37] and of note is that gradient composition
distribution can be obtained in Ni-Mn-Ga microwires due to the el-
ement evaporation on the wire surface, which significantly en-
larged the WTI [21].

Here, with the aim to further reduce the neighboring grain con-
straints, bamboo-grained Ni-Mn-Ga microwires were successfully
synthesized by a melt-extraction technique and subsequent high
temperature heat treatment at 1323 K for 3 h. The microstructure,
MT behaviors and MCE properties were investigated. The results
showed that the magnetic hysteresis was negligible while the ther-
mal hysteresis loss of the bamboo-grained microwires was slightly
increased. On the other hand, the increased compositional varia-
tion in bamboo-grained microwires led to the partial overlap of
the MT and the magnetic transition, resulting in the improvement
of the WTI ~71 K and net refrigeration capacity ~255 J/kg under
5T.

2. Experimental methods

Ni-Mn-Ga alloy ingots with nominal composition of
NisgsMny,g0Gaz14 (atomic percent) were prepared by induction
melting pure Ni (99.99%), Mn (99.99%) and Ga (99.99%) in an
Argon atmosphere and casting into a copper mold with a diameter
of 9 mm. Ni-Mn-Ga microwires were fabricated by a modified
melt-extraction method and the detailed fabrication process can
be found elsewhere [38]. Thereafter, the as-extracted microwires
were sealed in a quartz tube accompanied with several Ti sheets,
evacuated and back-filled with 0.5 atm. of pure Ar gas at room
temperature, stepwise heat-treated at 1323 K for 3 h, 998 K for
2 h, 973 K for 10 h, 773 K for 20 h and then furnace-cooled to
room temperature. The Ti sheets were used to absorb the residual
oxygen in the tube. As for the stepwise heat treatment, “1323 K for
3 h” is a grain growth process to attain the bamboo-grained struc-
ture, “998 K for 2 h and 973 K for 10 h” are aim to improve the
atomic order and “773 K for 20 h” is to release the internal stresses
formed during the melt-extraction process [32,39].

The compositions are determined by using a scanning electron
microscope (SEM) equipped with an X-ray energy dispersive spec-
troscopy (EDS) using 20 kV voltage, 97 pA emission current,
10 mm work distance and 50 pA probe current and >60 s data ac-
quisition time duration. The precision of the EDS was calibrated
with chemical analysis results (ICP-OES) to be less than 0.5%. The
surface and fracture morphologies of the microwires were exam-
ined using the SEM. EBSD was used to determine the orientation
of the bamboo grains. The EBSD wire sample was firstly mounted
in conductive resin (Struers Polyfast), grinded, manually polished
and finally automatically polished in a Buehler® Vibromet® vibra-
tory polisher for 24 h. A homemade in-situ heating stage (Interface
Analysis Centre, University of Bristol, U.K.) was used for sample
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heating for high temperature EBSD measurement. EBSD analysis
was performed in a Zeiss Sigma™ HDVP field Emission SEM with
Gemini electron source and a Digiview 3 high speed EBSD camera
from EDAX™. A consistent 30 kV accelerating voltage, 100 pA
beam current, 120 pA aperture and 16 mm working distance
were used throughout the experiment.

The microstructure of the microwires was examined in a Tecnai G2
F30 transmission electron microscope (TEM). X-ray diffraction (XRD)
tests were performed on a Philip X'pert Pro instrument with Cu Ko ra-
diation (\ = 1.54 A) for phase identification. A TTK 450 low tempera-
ture chamber was used for sample cooling for low temperature phase
identification. The scan speed was 0.005°/s with a step size of 0.02°.
MT temperatures and enthalpy changes of the microwires were mea-
sured by a TA Q200 differential scanning calorimetry (DSC) with a
cooling and heating rate of 5 K/min. The isofield magnetization (M-T)
and isothermal magnetization (M-H) measurements were carried out
by using a vibrating sample magnetometry (VSM) in a physical property
measurement system (PPMS) of Quantum Design. In order to fit the
sample holder of the equipment, a bundle of wires (~30 wires) with
an average length of 5 mm were prepared and used for the magnetic
measurements, where the microwires were arranged parallel with
each other in a Teflon tube with an outer diameter of 3 mm. The mag-
netic field was applied parallel to the direction of the wire axis. M-T
curves were recorded under 0.02 T with a cooling and heating rate of
5 K/min. M-H curves were measured on heating procedure at different
temperatures from 290 to 400 K under an external magnetic field up

to 5 T. The magnetic entropy change AS,,, was calculated from the M-H
curves based on the Maxwell relation.

3. Results and discussion
3.1. Microstructural characterization

The morphologies of the as-extracted and annealed microwires are
presented in Fig. 1. Microwires with diameter ~30-80 pm and length
~2-20 cm have been successfully prepared on a large scale by the
melt-extraction method, as shown in Fig. 1a. The as-extracted
microwires exhibit noticeable metallic luster. The details regarding the
morphology and grain structure of the as-extracted microwires have
been reported in our previous work [40]. Characteristic of
transcrystalline fracture has been observed in the “D” shaped cross-
section, as shown in Fig. 1b, showing improved ductility in the present
fine-grained microwires.

After high temperature grain growth heat treatment, the grains
grow significantly and bamboo-grained structure has been successfully
attained with smooth external surfaces, where all the grains span the
entire wire cross-section with grain boundaries generally perpendicular
to the wire axis, as shown in Fig. 1c and d. The length of the bamboo
grains along the wire axis varies from tens to hundreds of microns,
mainly due to the varied original microstructure, such as the different
vacancy [41] or internal stress [42] distribution, in the as-extracted
microwires. The inset in Fig. 1c shows a magnification of the bamboo

Fig. 1. Morphologies of (a, b) as-extracted and (c-e) bamboo-grained microwires. (a) Macroscopic morphology, (b) fracture cross-section, (c) outer surfaces, (d) cross-section with single
grain, (e) high temperature EBSD map using the IPF normal direction coloring scheme. The inset in (c) displays the magnification of the bamboo grains from the yellow box. The white dash
lines in (d) demonstrate the contours of the martensite twins, showing several different martensite variants. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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grains. Martensite plates span across the full length of the grain can be
observed on the surface of the wire, indicating the martensite state at
room temperature. However, the boundaries of the twins are not clear
and straight. Besides, white dash lines in Fig. 1d demonstrate the con-
tours of the martensite twin boundaries on the cross-section of the
bamboo-grained microwire. Several different variants with fine twin la-
mella in one grain can be observed, which is very much different from
that in the near bamboo-grained Ni-Mn-Ga microwires of our prior
work, where coarse twin variant with single twin lamella thickness up
to 6 um covering the entire cross-section of the wire was attained
[35]. The multi-variants state in the present work may be related to
the increased compositional variation after higher temperature heat
treatment. This will elucidate in detail later in this paper.

Fig. 1e demonstrates the high temperature EBSD orientation map
(longitudinal-section) with normal direction coloring scheme of the
bamboo-grained microwire recorded at ~353 K (at austenite state).
Within the map, bamboo-grained structure with grain length from 20
to 60 um can be observed. It has been reported in our previous work
that in the as-extracted microwires at austenite state, the grains tend
to form a fan-like texture with grains mostly grow along the (001) crys-
tal orientation controlled by the heat transfer during fabrication [39].
However, no obvious preferred grain orientation can be observed in
the bamboo-grained microwire here, indicating that the texture formed
during fabrication cannot be inherited after grain growth. It is worth
noting that due to certain composition and size differences between
the as-extracted microwires, complete bamboo-grained structure can-
not be guaranteed for all wires after such heat treatment. To some ex-
tent, it has been confirmed in our work that finer microwires are
easier to achieve bamboo-grained structure than that of the thicker
ones.

Compositions of the microwires both on the surface and the cross-
section (10 wires on the surface and 10 wires on the cross-section
each) have been measured. The results show that the inner and outer
compositions of the as-extracted microwires vary little while those of
the bamboo-grained ones show relatively large differences. Therefore,
the average compostion of the as-extracted and both inner and outer
average compostions of the bamboo-grained microwires are listed in
Table 1, respectively, and all standard deviations are given. Due to the
high specific surface area of the microwires, after heat treatment, in
the exterior of the microwires, the content of Ga and Mn element de-
creases by 0.5 and 1.0 at.% when compared with the as-extracted
microwires, respectively, giving rise to the increased Ni content. In addi-
tion, the increased standard deviation values of the bamboo-grained
microwires, as shown in Table 1, elucidates that the high temperature
heat treatment markedly deteriorates the homogeneity of the composi-
tions in microwires. One can notice that due to the higher evaporation
tendency of Mn at high temperature, Mn content becomes lower on
the surface than on the inside of the bamboo-grained microwires,
which is consistent with our previous work in chemical ordering
annealed Ni-Mn-Ga microwires where gradient Mn distribution state
with depletion of Mn near the surface layer of the wire cross-section
was obtained [21]. Owing to the increased compositional variation, wid-
ened MT temperature range can be expected. Furthermore, considering
the inhomogeneity of the composition within the cross-section area of
the bamboo-grained microwire, different part of the cross section
would have different MT behaviors since the MT temperatures in Ni-
Mn-Ga alloys are strongly dependent on the compositions [25]. In this

Table 1
Compositions of the Ni-Mn-Ga microwires before and after grain growth heat treatment.

Microwire Location Composition (at.%)
Ni ANi Mn AMn Ga AGa
As-extracted Average 50.6 0.4 28.8 03 20.6 0.4
Annealed Interior 513 0.8 284 0.8 203 0.7
Exterior 52.1 0.8 27.8 0.8 20.1 0.9

context, not only will the MT range increase, different martensite twin
structure also can be formed at different parts of the wire, leading to
the complexity of the twin structure in the present work, as mentioned
earlier in Fig. 1c and d.

Fig. 2 depicts the low temperature X-ray diffraction (XRD) patterns
of the as-extracted and bamboo-grained microwires at their complete
martensite state (263 K). The patterns of the as-extracted microwires
(as shown Fig. 2a) can be indexed as a 7-layered modulated martensite
(7M martensite). After grain growth heat treatment, 5-layered modu-
lated martensite (5M martensite) showed up thus formed a mixed
state of both 5M and 7M martensites, as revealed by the splitting of
the diffraction peaks presented in the inset of Fig. 2b. By the whole pat-
tern fitting analysis, the 7M martensites in both microwires are deter-
mined to be a monoclinic incommensurate superstructure [43] with
lattice constants a = 0.426 nm, b = 0.550 nm, ¢ = 4.249 nm, p =
93.4° and a = 0.429 nm, b = 0.521 nm, ¢ = 4.402 nm, 3 = 94.3° for
the as-extracted and bamboo-grained microwires, respectively. Yet,
due to the lack of peak data, exact crystal structure information of the
5M martensite cannot be evaluated in the present work. Nevertheless,
one can observe that the lattice parameters of 7M martensite have
been changed after heat treatment. Here, we believe the discrepancy
is twofold. One is due to the decreased defects density and released in-
ternal stress, and the other is the increased compositional variation.
These factors also contribute to the changes in martensite types. It has
been reported by Segui et al. [44] that the 7M martensite is more stable
than 5M martensite, where upon applying increasing stress, the parent
austenite phase firstly transforms to 5M and then to 7M, or directly
transform to 7M in samples with higher internal stresses. That is to
say, the internal stress formed during rapid solidification in as-
extracted microwires favored the formation of 7M. Whereas, after
high temperature heat treatment thus internal stress relaxation, 5M
showed up again. On the other hand, it has been confirmed that the
martensite types of Ni-Mn-Ga alloys are strongly dependent on the
composition [45], thus, the compositional variation may contributes to
the martensite phase change as well. Formation of different types of
martensites via intermartensite transformation was reported to be ben-
eficial for obtaining better MCE with enlarged WTI in Ni-Mn-Ga alloys
[46].

Fig. 3 shows the TEM bright field images and corresponding electron
diffraction patterns of the as-extracted and bamboo-grained microwires
at room temperature. As shown in Fig. 3a and the inset, both austenite
and martensite can be observed in the as-extracted microwire with
clear phase boundary between them. The corresponding electron dif-
fraction pattern showing six extra diffraction spots between two main
spots, as marked by red arrows, demonstrates the 7M martensite,
which is consistent with the XRD result. It is worth noting that certain
amount of dislocations can be found in austenite region, implying im-
proved ductility of the as-extracted microwires, which is considered
to be related to the rapid solidification process during melt-extraction.
In the meantime, martensite displays obvious twin lamellar structure
and the movement of the martensite/austenite interface, to some ex-
tent, has been halted inside the grain, indicating large resistance during
transformation. After high temperature heat treatment, as shown in
Fig. 3b and the inset, more regularly arranged 5M martensite twin la-
mellar structure with twin boundaries strictly parallel with each other
can be observed. The width of each lamella is around 120 nm and no dis-
location can be seen within the observation area. The absent of the 7M
martensite in bamboo-grained microwires mainly due to the limited
TEM sample size.

3.2. Characteristics of martensite transformation

To further investigate the MT behaviors, both heating and cooling
DSC and low field (0.02 T) isothermal magnetization M(T) curves of
the as-extracted and bamboo-grained microwires are measured and re-
corded, as shown in Fig. 4a and b, respectively. It is worth noting that
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Fig. 2. Low temperature (263 K) XRD patterns of the (a) as-extracted and (b) bamboo-grained microwires.

heat flow fluctuations can be observed from the DSC curves in the
bamboo-grained microwires. What's more, the 1st derivation of the M
(T) curves, as shown in the inset @ in Fig. 4b, also shows similar fluctu-
ation feature during MT transformation. This phenomenon is mainly
due to the increased compositional variation after high temperature
heat treatment, which leads to the MT temperature discrepancy either
among different parts of one single wire or between different wires.
Probably owing to the fluctuation of the curves, no significant
intermartensite transformation behavior, normally characterized by
two successive peaks, exists in DSC curves or the 1st derivation of the
M(T) curves of the bamboo-grained microwires, where 5M and 7M
martensite have been confirmed to be coexisted, as shown in Fig. 2b. Be-
sides, sharp peak (marked with blue circle) close to T., mainly relate to
high internal stress anisotropy formed during rapid solidification [47], is
found in the as-extracted microwires, as shown in Fig. 4b, confirming
the existence of high internal stress. This phenomenon vanishes with
heat treatment, mainly due to the stress relief annealing process [32].

290 slul
——

The martensite start/finish temperatures, austenite start/finish tem-
peratures (Mg, Mj, A, Ay) and the Curie temperature (T) derived from
both DSC and M(T) curves are summarized and listed in Table 2. The
MT temperatures are determined based on the conventional tangent
method, as demonstrated in Fig. 4a. The MT temperature range is the
difference between the start and finish temperatures (M-Mj, As-Ay).
The transformation thermal hysteresis loss is defined as the peak to
peak value (A,-M,), where M, and A, represent the peak temperatures
from DSC or the 1st derivation of the M(T) curves upon cooling and
heating, respectively. As shown in Table 2, both forward and reverse
MT temperatures and T, shift towards higher temperatures with in-
creased transition range and peak to peak thermal hysteresis after
high temperature heat treatment. Obviously, the increased MT temper-
atures of the bamboo-grained microwires, is related to the composi-
tional variation, release of the internal stresses and the increased size
of the grains. The raise of T, value from 351.7 K to ~370 K (370.5 K
from DSC and 369.3 K) elucidates the enhancement of the magnetic

Fig. 3. TEM bright field images and corresponding electron diffraction patterns of the (a) as-extracted and (b) bamboo-grained microwires. (For interpretation of the references to color in

this figure, the reader is referred to the web version of this article.)
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this article.)

property after heat treatment, mainly due to the chemical ordering an-
nealing process [32]. The magnetization results, as shown in Fig. 4b,
where the magnetization value under 0.02 T of the bamboo-grained
microwires is much higher than that of the as-extracted ones, also con-
firmed the enhanced magnetic property.

Take the DSC data for instance, one can easily observe from Table 2
that the MT temperature ranges during the forward and reverse trans-
formation change from 14.2 and 15 K to 37 and 34.9 K after high tem-
perature heat treatment. Normally, the reduced internal stress and the
increased grain size would lead to the reduction of the stored elastic
strain energy E, during MT since in bamboo-grain microwires the trans-
formation strains can take place against the atmosphere as the phase in-
terface travels the specimen [26]. As a result, reduced energy barrier
leads to less undercooling needed for further transformation, i.e. de-
creases the transition range. However, as mentioned before, the in-
creased variation of the composition gives rise to the MT temperature
discrepancy of the bamboo-grained microwires, as if it was a composite
composed of many different types of microwires, giving rise to the
markedly enlarged MT temperature range, which favors the enlarge-
ment of the refrigeration WTI.

As demonstrated in Fig. 3a, we believe that the halted martensite/
austenite interface indicates large resistance during transformation. As
is well known, one of the energy dissipative processes during MT is in
the form of frictional work, which is spent overcoming the resistance
to interfacial motion, and is related to the density of obstacles or defects
at the transformation front [26,31]. Therefore, the existing high internal
stress and dislocations, in the austenite phase of as-extracted
microwires, as demonstrated in Figs. 4b and 3a, are responsible for the
large resistance. Thus, high transformation hysteresis should be ex-
pected in as-extracted microwires, if consider the factor of internal fric-
tion dissipation alone. It stands to reason that after high temperature
heat treatment, the reduction of the defects and internal stresses
would reduce the internal friction dissipation, thus, reduce the transfor-
mation hysteresis. However, as shown in Table 2, the hysteresis values

Table 2

increased from 9.6 to 13.0 K derived from DSC and 4.4 to 9.5 K from M
(T) curves, respectively. The reason is related to another energy dissipa-
tive process, the E, dissipation [26]. As mentioned before, E, tends to re-
lease during the forward transformation in bamboo-grained
microwires, whereas, E, is the driving force for the reverse transforma-
tion. As a result, less driving force exists, leading to the delay in the re-
verse transformation, which widens the transformation thermal
hysteresis. On the other hand, it has been reported that the increase of
thermal hysteresis in coarse grained sample is largely related to the
lack of nucleation site of martensite due to the reduction of grain bound-
ary area and defects density after high temperature annealing [48], al-
though some also said that the decreased defects density and released
internal stress further reduced the hysteresis [27,32]. Furthermore,
prior work by Chen et al. elucidated that, for bamboo grained SMA
microwires, the rough free surface provides the main obstacles for the
interface motion [31]. Actually, no definition for a “smooth” surface
has been made, thus, the free surface of microwire may degrades the
useful mechanical work into frictional work and widens the transforma-
tion hysteresis in the present work as well. Nevertheless, it has also
been confirmed in Ni-Mn-Ga single crystalline [49] and foams [50,51]
that the reduction of grain boundary areas decreases the constraints
provide by the neighboring grains, thus, favors the interface motion
and reduces the hysteresis. In addition, some work [28] indicates that
an unstressed, untwined interface between martensite and austenite
would cause the minimum hysteresis. However, as shown in the
cross-section (Fig. 1d) and TEM result (Fig. 3b) in the present work,
complex twin distribution and fine martensite twin lamella with
width of ~120 nm have weakened this effect. In conclusion, the factors
that influence the transformation thermal hysteresis of the bamboo-
grained microwires are multi-fold, and the combination of all the effects
above leads to the current hysteresis state. Recently, a multi-caloric
cooling cycle combine the magneto- and elasto-caloric effects, which
exploits the thermal hysteresis has been demonstrated in Ni-Mn-In al-
loys [52]. With both excellent magnetocaloric [20,21] and elastocaloric

Martensite transformation temperatures, enthalpy change values and Curie temperatures of as-extracted and bamboo-grained microwires.

Material state Method M M, My A Ap Ar Te Hysteresis 1Qd |Qxl
K /g
As-extracted DSC 299.8 293.6 285.6 294.7 303.2 309.7 - 9.6 43 4.8
VSM 3023 297.5 294.2 2993 301.9 305.1 351.7 44 - -
Bamboo-grained DSC 3475 3321 310.5 3229 345.1 357.8 370.5 13.0 8.9 9.2
VSM 341.0 329.6 314.2 324.1 339.1 348.9 369.3 9.5 - -
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effect [53], multi-caloric cooling cycle may be realized in Ni-Mn-Ga alloy
as well. In this context, large thermal hysteresis may not be a main ob-
stacle hindering the practical application in Ni-Mn-Ga alloys.

In addition, |Q.| and |Qy| are the enthalpy change values of the
microwires during forward and reverse transformation, respectively.
As shown in Table 2, the enthalpy nearly doubled after heat treatment.
The transformation entropy change AS;, can be estimated as AS{™° = |
Qul/Ap and ASE® = |Q.|/M,, during heating and cooling, respectlvely Ac-
cording to the DSC results, AS{™® and ASEX° can be calculated as ~15.8
and ~14.6 J/kg-K for the as-extracted and ~26.7 and ~26.8 J/kg-K for
the bamboo-grained microwires, respectively.

3.3. Magnetic properties and magnetocaloric effect

In order to evaluate the magnetic properties and magnetocaloric ef-
fect (MCE) of the bamboo-grained microwires, isothermal magnetiza-
tion curves M(H) were measured, as shown in Fig. 5a. The isothermal
entropy change AS,, was calculated based on the M(H) curves by
using the discretized Maxwell equation (Eq. (1)).

ASy = Z T'” Mia =Mi 5, (1)

i1 T

The validity and reliability of the Maxwell relation in evaluating the
MCE of Ni-Mn-Ga alloys has been confirmed due to its weak magneto-
elastic coupling during MT [54]. Fig. 5b plotted the temperature depen-
dence of AS,, at different magnetic fields up to 5 T, with an increment of
0.5 T, of the bamboo-grained microwires. Saddle-like shape of the AS,;,
(T) curves were obtained, showing two peak values of ~4.3 J/kg-K
around MT and ~4.4 J/kg-K around T, respectively, and a transition re-
gion between them with minimum value of 3.7 J/kg- K under 5 T. Similar
shape has been reported in our previous chemical ordered Ni-Mn-Ga
microwires with partly coupled magnetostructural transformation
[21], meaning that the combination effect of the widened MT tempera-
ture range, increased MT temperature and the almost intact T, after high
temperature heat treatment also exhibit a partly coupled
magnetostructural transformation state. This partly coupled state
gives rise to the significant enlarged refrigeration WTI (8Tpwnmn, full
width at half maximum of the AS,,,(T) peaks at 5 T) of ~71 K in the pres-
ent bamboo-grained microwires, which is superior to that in the chem-
ical ordered microwires [21].

In addition, similar positive AS,,(T) peaks, as marked with red
dashed ellipse in Fig. 5b, are also found at lower magnetic fields. Accord-
ing the Maxwell relation, the intersections between M(H) curves at

lower fields, as demonstrated in red ellipse in Fig. 5a, explains the pos-
itive to negative transition behavior of the AS,,;,(T) peaks here. This phe-
nomenon is common and mostly related to the difficulty in magnetizing
the preferentially oriented magnetic domains at lower magnetic field
and lower temperature. Differently, not one but two positive peaks
were attained in the present work, which is mainly due to the increased
compositional variation of the bamboo-grained microwires where the
magnetic properties of the microwires vary with composition as well.

On the other hand, in order to evaluate the MCE, the magnetic hys-
teresis loss, which is determined from the area between the M(H)
curves recorded during magnetization and demagnetization, should
be considered. Here, according to the field-up and field-down isother-
mal magnetization M(H) curves, as shown in Fig. 53, almost no magnetic
hysteresis can be observed. As mentioned earlier, the resistance to the
interface motion was reduced after high temperature heat treatment.
Therefore, the present magnetic hysteresis state might be related to
the reduced resistance to the magnetic domain wall motion in the
bamboo-grained microwires.

For practical applications, the refrigeration capacity (RC) value,
which requires not only a large AS,,,, but also widened WTI and small
magnetic hysteresis loss, is of great importance. The RC value is a mea-
sure of transport of thermal energy between hot and cold reservoirs in
one ideal refrigerate cycle, which can be calculated by integrating the
AS(T) curve over the 6Trywpy range (Teoig-Tror) (EQ. (2)).

RC(6T,H) =| / ASp(T, H)dH | 2)

cal d

The net refrigeration capacity (RCye¢) value, which is more reason-
able to evaluate the cooling efficiency, can be calculated by subtracting
the magnetic hysteresis loss from the RC value. Due to the vanished
magnetic hysteresis, the RC,e; value for the present bamboo-grained
microwires is calculated to be ~255 J/kg at 5 T, which is heretofore the
largest value reported in Ni-Mn-based Heusler alloys.

The RC,¢; values as a function of temperature under 5 T for the most
studied magnetocaloric materials (Ni-Mn-based [20,21,23,37,55-62],
Gd-Si-Ge-based [63-65], La-Fe-Si-based [66,67], Mn-Fe-Ni-Ge com-
pounds [68] and Gd [3]) and the present bamboo-grained microwires
are schematically illustrated in Fig. 6, permitting a fast comparison.
The width of each rectangle stripe stands for the WTI. Obviously, the
present bamboo-grained microwires exhibits the largest WTI among
all types of materials and the RC,,, value is the highest among all the
Ni-Mn-based particles [20,55], microwires [21,23,37,60], ribbons
[40,61], single crystals [57] as well as bulk alloys [56,58,59,62], and com-
parable to those of the Gd [3], Gd-Si-Ge-based [63-65], La-Fe-Si-based

5
Eso. (a) :;zg:ﬁ (b) 50T T ey ~71 K, RC,,,2 ~255 J/kg
S =——308K 45T
e~ 704 —314K| ~——4F
g —au| & 40T
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Fig. 5. (a) Field-up and field-down isothermal magnetization M(H) curves and (b) temperature dependence of magnetic entropy change AS,,(T) curves at different fields of the bamboo-
grained microwires. The red dashed ellipse in (a) displays the intersection of the M(H) curves at low fields. The red dashed ellipse in (b) marks the tiny positive entropy peak at low fields.
The double-sided arrow in (b) demonstrates the full width at half maximum 6Tpy of the AS,,,(T) curve under 5 T. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 6. Schematic illustration of the net refrigeration capacity (RCy;) as a function of
temperature under a magnetic field of 5 T for the most studied magnetocaloric materials
(Ni-Mn-based [20,21,23,37,55-62], Gd-Si-Ge-based [63-65], La-Fe-Si-based [66,67], Mn-
Fe-Ni-Ge compounds [68] and Gd [3]) and the present bamboo-grained microwires. The
width of the rectangle indicates the operating temperature interval of each alloy. (W:
microwires, P: particles, R: ribbons, SC: single crystal. The dashed line only acts as guide
for the eye. For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

[66,67] and Mn-Fe-Ni-Ge [68] magnetocaloric materials. Nevertheless,
when compared with rare-earth alloys, the present Ni-Mn-Ga
microwires show advantages such as rare-earth free and cost effective.
It has been theoretically shown that rod- or wire-shaped magnetic re-
frigerant materials are more suitable for actual cooling devices than
their spherical counterpart, where the refrigerant made of a stack of
wires exhibits higher heat transfer coefficient and is more compact
than one containing a bed of particles with the same diameter. Besides,
better performance can be achieved with reducing the wire diameter,
i.e. increasing the heat exchanging area [69]. Furthermore, AC magnetic
field is utilized to create thermal cycles in cooling devices, which would
induce eddy current and cause uncontrolled heating of the refrigerant
material [70]. Small-sized microwires can lower the eddy current thus
increase the cooling efficiency [32]. In addition, one dimensional Ni-
Mn-Ga microwires possess relatively good mechanical properties
[21,35]. Above all, we believe that Ni-Mn-Ga microwire with bamboo-
grained structure is a likely candidate for use as magnetic refrigerant ei-
ther directly used in micro-sized devices or act as building block for
macro-sized devices.

4. Conclusions

(1) Bamboo-grained microwires with diameter ~30-80 um, length
~2-20 cm and grain length varying from tens to hundreds of mi-
crons were successfully prepared by melt-extraction technique
and subsequent high temperature heat treatment at 1323 K for
3 h under 0.5 atm. Argon atmosphere. No obvious preferred
grain orientation was obtained in the bamboo-grained
microwire at austenite state.

(2) Various martensite variants with fine twin lamella were ob-
served in bamboo-grained microwires. The heterogeneous com-
position state obtained after high temperature heat treatment is
responsible for the multi-variants state.

(3) The martensite structure of the microwires changes from single

7M to a mixture containing 7M and 5M martensite after high

temperature heat treatment. Compared with the as-extracted
microwires, bamboo-grained ones have both higher martensite
transformation temperatures and Curie point.

Enlargement of working temperature interval up to ~71 K under

5T due to the partly coupled magnetostructural transformation

and reduction of the magnetic hysteresis in the bamboo-

=

grained microwires were demonstrated, giving rise to the signif-
icantly improved net refrigeration capacity RC,,, value of 255 J/
kg, which is heretofore the largest value reported in Ni-Mn-
based Heusler alloys.
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