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a b s t r a c t

A novel class of nanocrystalline/amorphous Gd3Ni/Gd65Ni35 composite microwires were created directly
from melt-extraction through controlled solidification. X-ray diffraction (XRD), transmission electron
microscopy (TEM), and selected area electron diffraction (SAED) confirmed the formation of a biphase
nanocrystalline/amorphous structure in these wires. Magnetic and magnetocaloric experiments indicate
a large magnetic entropy change (-DSM ~9.64 J/kg K), large refrigerant capacity (RC ~742.1 J/kg), and large
maximum adiabatic temperature change (DTmax

ad ~5 K) around the Curie temperature of ~120 K for a field
change of 5 T. These values are ~1.5 times larger relative to its bulk counterpart and are superior to other
candidate materials being considered for active magnetic refrigeration in the liquid nitrogen temperature
range.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Magnetic refrigeration (MR) technology based on the magne-
tocaloric effect (MCE) has opened a promising chapter in the future
of cooling as it may one day be able to replace conventional gas
compression (CGC) commonly used in today's refrigeration devices.
Higher cooling efficiency, compactness, and environmental
friendliness are some of the outstanding advantages of MR tech-
nology compared to CGC technology [1e3]. Since MR uses a mag-
netic solid-state substance as the refrigerant in cooling devices, the
emerging question is how to design and fabricate a solid-state
material with not only a large MCE but also practical applicability.
Based on the main criteria used to evaluate the MCE effect and its
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usefulness in MR, including the adiabatic temperature change
(DTad), the magnetic entropy change (DSM), and the refrigerant
capacity (RC) [4e7], the lanthanide element Gadolinium (Gd) is
being tapped as the best candidate for use in sub-room-
temperature magnetic refrigerators, and, more importantly, this
material undergoes a second-order magnetic transition (SOMT) [3].
However, pure Gd is very expensive and challenging to fabricate
into practical shapes as a refrigerant in an active magnetic refrig-
erator (AMR). A natural solution to this issue is to alloy Gd with
other components, such as ferromagnetic elements (Fe, Co, Ni …),
soft-magnetic components (CoFeSiB), or non-magnetic compo-
nents (SiB). Furthermore, detailed analyses on the advantages and
disadvantages of different alloyed magnetic refrigerants (Gd5T4,
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Gd7T3, REMnO3, LaFeSi, MnAs, FeMnPAs, etc.) have shown the su-
perior properties of Gd-based alloys for use in AMRs [8].

MCE research on Gd-based materials has largely progressed in
various forms of bulk metallic glasses (BMGs) and amorphous
particles, thin films, ribbons, and microwires for the last 15 years
[9e33]. The number of studies conducted on Gd-based glass rib-
bons andmicrowires [12e33] is much higher than that of other Gd-
based material forms [9e11]. Contrary to BMGs, thin films, and
ribbons, a cooling device using microwires would permit their
utilization in miniature refrigeration systems. The cooling effi-
ciency in such systems considers a combination of the device's
cooling power and the operating frequency. Theory predicts that
reducing the dimensions of a magnetic refrigerator can increase the
device's cooling power by increasing the operating frequency.
Indeed, it has been theoretically and experimentally shown that, in
comparison with other shapes (ribbons, films, BMGs … ), magne-
tocaloric materials in microwire form maintain an enhanced cool-
ing efficiency due to achieving the highest operating frequency
[9e33]. Furthermore, these magnetocaloric microwires can give
rise to a larger heat transfer between the magnetic refrigerant and
surrounding liquid because of the microwire's large surface areas
[34], which make them an ideal candidate for use in AMRs [35]. For
example, the RC value of a Gd53Al24Co20Zr3 microwire (687 K kg�1

[32]) is significantly higher than that of its BMG counterpart
(509 K kg�1 [9]) at m0H ¼ 5 T.

Recently, our group has reported on a large class of Gd-based
microwire candidates fabricated by a modified precision melt-
extraction method that possess excellent mechanical and magne-
tocaloric properties appropriate for use in AMRs [15e33]. Relative
to their bulk counterparts, thesemicrowires have shown largerDSM
and RC values. In the past, Gd has been alloyed with different
components such as Gd-AlCo [20e23,31], Gd-CoFeSiB [24,26], Gd-
FeAl [25,27], Gd-AlCoZr [15e17,32], GdeNi [17], and Gd-SiB [33]
with the goal to enhance the MCE and RC of melt-extracted
microwires. A relatively simple but highly effective method to
improve MCE and RC performances is through annealing (or heat
treatment) of amorphous Gd-based microwires. Belliveau et al. [32]
demonstrated that low temperatures and short annealing times of
Gd53Al24Co20Zr3 amorphous microwires can generate nanocrystals
embedded in an amorphous matrix that significantly enhance both
the DSM and RC values, as well as improve the mechanical response
of the microwire due to partially released stresses during the
annealing process. However, a biphase nanocrystalline/amorphous
structured microwire can also be created through a controlled
melt-extraction process without annealing treatment, which has
been demonstrated in Gd-Co-Al alloy microwires by our group [31].
The presence of a ~20% volume fraction of 10-nm nanocrystals
embedded in an amorphous matrix yielded an excellent magne-
tocaloric response with large values of -DSM ~9.7 J kg�1 K�1, DTad
~5.2 K, and RC ~654 J kg�1 for a field change of 5 T [31].

Furthermore, Phan et al. showed that reducing the size of an-
tiferromagnetic (AFM) particles in a multi-phase magnetic ma-
terial to the nanoscale could significantly weaken AFM coupling
and allow a moderate applied magnetic field to overcome AFM
coupling to become ferromagnetically (FM) ordered, thus
enhancing the MCE and RC values of the material [36]. Our group
has directly fabricated antiferromagnetic GdB6 nanocrystals
(~10 nm) embedded in an amorphous ferromagnetic matrix of
Gd73.5Si13B13.5 microwires from a controlled melt-extraction
process [33]. Accordingly, it is possible to create Gd3Ni nano-
crystals within an amorphous Gd65Ni35 microwire to form a novel
composite with enhanced magnetocaloric properties. Indeed, in
related work, it was shown that a Gd3Ni nanocrystalline phase
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was generated within Gd65Ni35 amorphous ribbons [13]. With this
in mind, our group noted a report that crystalline (bulk) Gd3Ni
exhibited an AFM ordering at TN ~ 99 K [37] and this TN is expected
to shift to a lower temperature in Gd3Ni/Gd65Ni35 microwires due
to significant AFM weakening in the Gd3Ni phase caused by
nanoscale size effects.

In this work, we demonstrate that controlled solidification of
the melt-extraction process can create a novel class of biphase
nanocrystalline/amorphous composite microwires comprising
AFM Gd3Ni nanocrystals embedded in an amorphous FM Gd65Ni35
matrix for enhanced MCE and RC without thermal annealing.

2. Experimental

The Gd3Ni/Gd65Ni35 microwires were fabricated on a spinning
copper wheel of 160 mm in diameter with a 60� tapered edge using
the modified melt-extraction method. The wheel was kept at a
fixed rotation speed of 30 m/minwhile the meltedmaterial was fed
onto the wheel at a constant rate of 30 mm/s to obtain uniform
dimensions in the melt-extracted wires. Energy dispersive X-ray
spectroscopy (EDS) and scanning electron microscopy (SEM) were
performed with a JSM-6390LV model from JEOL and INCA x-sight
by OXFORD instruments. Themicrostructural evolution of thewires
was further characterized by electron transmission microscopy
(TEM) and selected area electron diffraction (SAED). The magnetic
properties of Gd3Ni/Gd65Ni35 wires with diameter d � 45 mm and
length l � 3 mm were measured by a commercial Physical Prop-
erty Measurement System (PPMS) by Quantum Design with a VSM
option. DC magnetic fields of up to 5 T were applied longitudinally
along the wire as the temperature was varied from 20 K to 180 K
with an increment of 2 K.

3. Results and discussion

3.1. Structural properties

The micromorphology of a melt-extracted Gd3Ni/Gd65Ni35
microwire was obtained by SEM, and the images demonstrate a
smooth and homogeneous surface (Fig.1a). The average diameter of
the cylindrical microwire was identified directly from planar SEM
images to be �45 mm with a circular cross section. A typical EDS
spectrummeasured at room temperature is shown in Fig. 1b, which
confirms the presence and quantitative mixing ratio of the two raw
chemical elements Gd and Ni in the sample. The atomic percent-
ages calculated by EDS were ~66% and ~34% for Gd and Ni,
respectively, which allowed us to estimate the relative abundance
of two constituent phases (Gd3Ni and Gd65Ni35, as revealed by TEM
and SAED below) in the microwire. If we consider ~10% abundance
of Gd3Ni and ~90% abundance of Gd65Ni35, then a simple calcula-
tion yields (0.1 � 75%) þ (0.9 � 65%) ¼ 66% Gd and (0.1 � 25%)
þ (0.9 � 35%) ¼ 34% Ni.

The structural properties of the melt-extracted Gd3Ni/Gd65Ni35
microwires were further characterized by XRD, TEM, and SAED.
The results are displayed in Fig. 1c (XRD), inset of Fig. 1a (TEM),
and inset of Fig. 1b (SAED). The XRD spectrum determined from
20� to 80� (2q) with a scanning speed of 0.9�/min is shown Fig. 1c.
A typical broad halo pattern with a broad diffuse peak is detected
in the 2q region between 20� and 40�. This broad peak in the XRD
spectrum has also been observed for previously studied Gd-based
microwires [18e28,30,31,33] and confirms the amorphous char-
acteristic of Gd65Ni35. It is worth mentioning here that some
detected crystalline peaks match the XRD peaks of Gd3Ni nano-
crystals [13]. Thus, TEM and SAED measurements were performed



Fig. 1. (a) SEM image with an inset showing the TEMmorphology; (b) energy dispersive spectroscopy (EDS) of the local region in the TEM image and the inset showing selected area
electron diffraction (SAED) of the nanocrystalline microstructure including Gd3Ni phase; and (c) X-ray diffraction pattern (XRD) of the Gd3Ni/Gd65Ni35 microwires.
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to confirm the presence of the Gd3Ni nanocrystals. The results of
TEM and SAED are shown in the inset of Fig. 1a and the inset of
Fig. 1b. Indeed, both TEM and SAED confirmed that Gd3Ni nano-
crystals of ~8 nm diameter were embedded in a Gd65Ni35 amor-
phous matrix. A combination of these two phases is expected to be
magnetically coupled with each other, thus affecting the magnetic
and magnetocaloric properties over the entire microwire.

3.2. Magnetic properties

The temperature dependence of the magnetization M(T) for all
specimens of the Gd3Ni/Gd65Ni35 composite wire was measured
while cooling under an applied DC magnetic field of m0H ¼ 0.1 T
across a paramagnetic to ferromagnetic (PM-FM) phase transition.
The results of a typical M(T) curve is displayed in Fig. 2a. As can be
seen clearly in Fig. 2a, the M(T) curve exposes a broadened PM-FM
phase transition around the Curie temperature TC. This broadening
is not only a typical characteristic of SOMT materials and caused by
structural disorder of the amorphous material, but also due to the
existence of two magnetic phases (e.g., the nanocrystalline Gd3Ni
and amorphous Gd65Ni35 phases) [32]. While the feature associated
with the AFM ordering of the Gd3Ni phase is not obviously seen on
theM-T curve (Fig. 2), a small, broad peak associatedwith it at ~50 K
from the �DSMðTÞ curves is observed below (Fig. 3a). The Curie
temperature (TC) of the Gd3Ni/Gd65Ni35 microwire determined
from the minimum in dM/dT is ~120 K (see inset of Fig. 2a). The TC
value of the Gd3Ni/Gd65Ni35 microwire in this study is similar to
that reported for the Gd65Ni35 amorphous ribbon (TC �122 K) [13].
This TC value is much higher than those reported for Gd55NixAl45-x
bulk metallic alloys (TC ~ 50e70 K for x ¼ 15, 20, 25, and 30) [11].

To further understand the magnetic behavior of the Gd3Ni/
Gd65Ni35microwire in the PM regime, the inverse susceptibility as a
function of temperature, c�1(T) ¼ moH/M, generated from the M(T)
curve in the paramagnetic region, is provided in Fig. 2a. Its linear
temperature dependence is consistent with the CurieeWeiss law in
the paramagnetic region, c ¼ C

T�q, where C is the Curie constant

defined as C ¼ NAm2
B

3kB
m2eff (NA ¼ 6.022 � 1023 mol-1 is Avogadro
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number, mB ¼ 9.274 � 10�21 emu is the Bohr magneton, and
kB ¼ 1.38016�10�16 erg/K is the Boltzmann constant). A linear fit of
c�1(T) yields q ¼ 124 K and C ¼ 7.89 emu K mol�1 T�1. The para-
magnetic Curie temperature or Weiss temperature, q ¼ 124 K, is a
positive value, which confirms the PM-FM phase transition. Addi-
tionally, this Weiss temperature q is very close to the Curie tem-
perature TC (~120 K). This is likely associated with the presence of
short-range magnetic order above TC in the PM regime.

The effective magnetic moment meff of the sample is determined

from C via the following equation meff ¼
ffiffiffiffiffiffiffiffi
3kBC
NA

q
¼

ffiffiffiffiffiffi
8C

p
. From this

relationship, we obtained meff ¼ 7.941 mB for the Gd3Ni/Gd65Ni35
microwires fabricated for this study. This meff value is approximately
equal to the theoretical value of pure Gd (~7.94 mB). Some previous
studies reported similar values of meff for GdeNi [38e41]. Paulose
et al. [38], Mallik et al. [39], and Uhlirova et al. [40] suggested the
parallel orientation of Gd and Ni moments as an explanation.
However, an AFM coupling between the Gd and Ni moments was
reported by Yano et al. [41]. In this work, the meff value of the Gd3Ni/
Gd65Ni35 microwire is very close to that of pure Gd in the PM
regime, but it is much smaller at temperatures below TC. This could
be attributed to the presence of AFM coupling between Gd and Ni
moments and the additional presence of the AFM interaction of the
Gd3Ni phase.

Fig. 2b presents the temperature dependence of magnetization
at different applied magnetic fields, the M(T) curves, from
m0H ¼ 0.1e5 T. The PM-FM phase transition becomes broadened
with increasing applied magnetic field up, which is a typical
behavior for SOMTmaterials. The largest changes inMwith respect
to T appear in a region from 120 K to 130 K, where TC has been
calculated from the minimum of the dM/dT and indicates that the
largest changes in magnetic entropy will occur in this temperature
region [27].

To investigate the magnetocaloric properties of the Gd3Ni/
Gd65Ni35 microwires, we measured a set of isothermal magneti-
zation curves M(m0H) at various temperatures around the Curie
temperature ranging from 20 K to 180 K with a temperature step of
10 K up to a maximum applied DC magnetic field m0H ¼ 5 T, as



Fig. 3. (a) Temperature dependence of magnetic entropy change�DSMðTÞ of the Gd3Ni/Gd65Ni35 microwires for selected magnetic field changes; (b) the filled 2D contour plot of the
temperature and field dependence of the magnetic entropy change; (c) the universal DSM=DSmax

M curve; and (d) temperature dependence of the local exponent (n) confirming the
field dependence of �DSMðTÞ of the Gd3Ni/Gd65Ni35 microwires for different maximum applied fields.

Fig. 2. (a) Temperature dependence of magnetization M(T) and its derivative (dM/dT) taken in a field of 0.1 T for the Gd3Ni/Gd65Ni35 microwires; (b) temperature and magnetic field
dependence of the magnetization; (c) magnetic field dependence of magnetizationM(H) taken at temperatures around the Curie temperature; and (d) Arrott plots (m0H/M vs.M2) of
the Gd3Ni/Gd65Ni35 microwires.
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exhibited in Fig. 2c. After that, to confirm the nature of the PM-FM
phase transition of the Gd3Ni/Gd65Ni35 microwires, these curves
were converted into Arrott plots (m0H/M vs. M2). The curves ob-
tained from that transformation are shown in Fig. 2d. Conforming
to the Banerjee criterion [42], a PM-FMmagnetic phase transition is
considered a first-order magnetic transition (FOMT) when the
slope of m0H/M vs.M2 is negative; in contrast, it is considered to be a
SOMT when the slope of the Arrott plot is positive. As can be seen
clearly in Fig. 2d, all slopes of the re-scaled isotherms are uniformly
positive, which indicates that the PM-FM phase transition of the
Gd3Ni/Gd65Ni35 microwires is a type of SOMT. This result is in
agreement with our previous reports on Gd-based microwires
[15e30,33].
Fig. 4. (a) (left, blue and red) Magnetic field dependence of the refrigerant capacity
(RC) and the relative power capacity (RCP) of the Gd3Ni/Gd65Ni35 microwires and
(right, green) magnetic field dependence of the maximum adiabatic temperature
change DTmax

ad at TC for the Gd3Ni/Gd65Ni35 microwires; (b) RC values of magnetocaloric
candidate materials in the temperature range of 10e200 K. Red indicates the micro-
wires, while blue indicates their bulk counterparts for a one-to-one comparison.
3.3. Magnetocaloric effect

From the M(m0H) curves of the Gd3Ni/Gd65Ni35 microwire, the
magnetic entropy change �DSM due to an applied magnetic field
change between 0 and Hmax was calculated using the thermody-
namic Maxwell relation [1]:

DSMðT; moHÞ¼ m0

ðHmax

0

�
vM
vT

�
H
dH; (1)

where M is the magnetization, moH is the applied magnetic field,
and T is the temperature.

Fig. 3a exhibits the temperature dependence of�DSM in applied
magnetic field (moH) ranging from 0 to 5 T for the Gd3Ni/Gd65Ni35
microwires. A contour color plot � DSM(T,moH) is also displayed in
Fig. 3b for the purpose of focusing attention on the broadening of
the � DSM(T,moH) curves across the PM-FM phase transition. As can
be seen in Fig. 3a, the magnitude of � DSM increases with an in-
crease in moH and the maximum of �DSM occurs near the TC as
expected. For an applied field change of 5 T, a large maximumvalue
of jDSM jwas calculated to be ~9.64 J/kg K at ~120 K. Compared with
the previous study, this jDSM j value is 1.4 times larger than that
detected in the Gd65Ni35 ribbon sample [13]. It is worth noting that
in addition to the dominant peak of the �DSMðTÞ curves associated
with the PM-FM phase transition at TC ~120 K, a small, broad peak
around ~50 K was also observed and attributed to the AFM tran-
sition of the nanocrystalline Gd3Ni phase. Since this AFM phase is
considerably weak at the nanoscale, application of a sufficiently
high magnetic field may convert it into FM and give rise to the
broad�DSMðTÞ curve and hence the large RC e an important figure
of merit in magnetic cooling.

To confirm the SOMT of the PM-FM phase transition, in addition
to Banerjee's criterion-based Arrott plots, anothermethod based on
the universal curve of � DSM(T) was used as demonstrated by
Franco et al. [45]. Following this method, �DSM is normalized to �
DSmax

M and the T axis is rescaled as q ¼ ðT�TCÞ
Tr2�TC

ðT � TÞC or q ¼ �
ðT�TCÞ
Tr1�TC

ðT � TCÞ, where Tr1 and Tr2 are two reference temperatures

above and below TC satisfying the relation DSM(Tr1)¼ DSM(Tr1)¼ f�
DSmax

M (f ¼ 0:5 for this study). For SOMT, all the � DSMðTÞ curves
obtained at various applied magnetic fields moHmust collapse onto
a universal curve. Fig. 3c displays the master universal curve DSM=

DSmax
M versus q curve for moH ¼ 1e5 T. It once again proves that a

SOMT exists in the Gd3Ni/Gd65Ni35 microwires, which is fully
consistent with Banerjee's criterion.
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As discussed above, �DSM depends on the temperature, T, at a
constant applied magnetic field moH. Moreover, �DSM is a function
of the maximum magnetic field, moH, which can be expressed as

DSMfm0H
n (2)

For all the �DSM curves, where n is the local exponent depen-
dent on the magnetic state of the material [45]. At the peak of the
magnetic entropy change or at TC, the exponent n is independent of
the change in moH. In temperature ranges above TC and below TC,
the field dependence of the magnetic entropy change indicates a
quadratic and a first-order dependence, respectively, in the PM and
FM regime, respectively. This means that at temperatures far away
from TC, n will asymptotically reach 1 or 2, respectively, as T is far
below or above TC, respectively. To clarify the magnetic field
dependence of � DSM , n can be determined by the following
equation:

n¼ dðlnjDSMjÞ
dðlnHÞ (3)
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Fig. 3d displays the temperature dependence of n for the Gd3Ni/
Gd65Ni35 microwires for moH¼ 1, 2, 3, 4, and 5 T in a 2D surface plot.
As can be seen in Fig. 3d, in the PM regime and far above TC, n
approaches 2, while in the FM regime and far below TC, n ap-
proaches 1 as expected. Nevertheless, at temperatures near TC, the
n value is approximately 0.7e0.86. According to Oestrreicher et al.
[46], if the n exponent at the Curie temperature is close to 2/3
(~0.67), it corresponds to the mean field model. For the Gd3Ni/
Gd65Ni35 microwires, n ~0.70e0.86, which is slightly higher than
that of the mean field model (~0.67). This deviation is likely due to
complex magnetic interactions caused by structural disorder in the
amorphous Gd65Ni35 matrix [15e30] and the presence of Gd3Ni
nanocrystals embedded in this amorphous matrix. Another notable
point here is that the value of n has a small change corresponding to
the change of the applied magnetic field at the TC (0.7e0.86 for
1 Te5 T, respectively). The local exponent n is field independent at
TC for single-phase SOMT materials, but it can decay with the
change of moH formultiphasemagnetic systems, such as the present
Gd3Ni/Gd65Ni35 microwires [7,47].

To evaluate the adiabatic temperature rise, DTad, the specific
heat capacity was measured as a function of temperature in applied
magnetic fields of 0, 2, and 5 T for the Gd3Ni/Gd65Ni35 microwires
[48]. Accordingly, we have estimated the maximum adiabatic
temperature change DTmax

ad at TC using the following equation [2]:

DTadðTC ;H0Þ¼ �DSMðTC ;H0Þ,
TC

CðTC ;H0ÞP
; (4)

where C (T,H0) is the heat capacity.
Fig. 4a (right side, green) shows the applied magnetic field

dependence of DTmax
ad for the Gd3Ni/Gd65Ni35 microwires. For

moH¼ 5 T, the DTmax
ad value is approximately equal to 4.77 K.We also

estimated DTmax
ad at magnetic fields of 2 T, 3 T, and 4 T, and the

results obtained are 2.37 K, 3.26 K, and 4.05 K, respectively. These
Table 1
Comparison of the magnetocaloric characteristics of the Gd3Ni/Gd65Ni35 composite micr

Material Structure Tc (K) -DSM (J/k

Gd3Ni/Gd65Ni35 AM þ NC 121 9.64
Gd65Ni35 GR 122 6.9
GdB6/Gd73.5Si13B13.5 AM þ NC 106 6.4
Gd50Al30Co20 AM þ NC 86 10.09
Gd55Al25Co20 AM þ NC 100 9.67
Gd60Al20Co20 AM þ NC 109 10.11
Gd53Al24Co20Zr3 (Annealed at 100 �C) AM þ NC 94 9.5
Gd53Al24Co20Zr3 (Annealed at 200 �C) AM þ NC 94 8.0
Gd53Al24Co20Zr3 (Annealed at 300 �C) AM þ NC 94 5.1
Gd60Al25Co15 AM 101 9.73
Gd55Al20Co25 AM 110 9.69
Gd50-(Co69.25Fe4.25Si13B13.5)50 AM 170 6.56
Gd50-(Co69.25Fe4.25Si13B13.5)50 AM 174 5.90
Gd60Fe20Al20 AM 202 4.8
Gd59.4Al19.8Co19.8Fe1 AW 113 10.33
Gd53Al24Co20Zr3 MW 96 10.3
Gd55Co25Ni20 GR 140 6.04
Gd55Co30Ni15 GR 175 6.3
Gd55Co20Al25 BMG 103 8.8
Gd55Ni25Al20 BMG 78 8
Gd53Al24Co20Zr3 BMG 93 9.4
Gd33Er22Al25Co20 BMG 52 9.47
Ho30Y26Al24Co20 BMG 5.5 10.76
Dy50Gd7Al23Co20 BMG 26 9.77
Er50Al24Co20Y6 BMG 8 15.91
Gd71Fe3Al26 BMG 117.5 7.4
Gd65Fe20Al15 BMG 182.5 5.8
Gd36Y20Al24Co20 BMG 53 7.76

AM: Amorphous Microwires, NC: Nanocrystals, GR: Glassy Ribbon, BMG: Bulk Metallic G
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values are comparable with those reported for Gd-Al-Co micro-
wires [31] and are promising for applications in magnetic
refrigeration.

The RC of the Gd3Ni/Gd65Ni35 microwires has been calculated
from the data by integrating the area under the eDSM-T curves by
using the temperatures at half maximum of the peaks in the
following way:

RC¼
ðTcold

Thot

�DSMðTÞdT ; (5)

where Tcold and Thot are the onset and offset temperatures of
dTFWHM, respectively. The other method, using the relative cooling
power (RCP), represents an amount of heat transfer between the
hot and cold sides in an ideal refrigeration cycle, which is defined as
Wood and Potter's method:

RCP ¼ eDSM
max dTFWHM, (6)

where dTFWHM¼ Thote Tcold is the temperature difference at the full
width at half maximum of the -DSM(T) curve. The RC value
increased significantly with increasing applied magnetic field,
which was similar to the magnetic field dependence of RCP. Values
of RC and RCP are plotted as functions of magnetic field as shown in
Fig. 4a. For comparison, the RC and RCP values of the present
microwires and other candidate materials for a field change of 5 T
are summarized in Table 1 and selectively plotted in Fig. 4b. For
moH¼ 5 T, the RC and RCP values for the Gd3Ni/Gd65Ni35 microwires
are calculated to be ~751 J/kg and ~965 J/kg, respectively. This RC
value is 40% higher than that of the Gd65Ni35 ribbon (~524 J/kg)
[13]. As one can see clearly from Table 1, the Gd3Ni/Gd65Ni35
microwires almost have the largest RC and RCP among the
compared candidates. While the RC value of the Gd3Ni/Gd65Ni35
owires and other MCE materials with reference to their phase structures.

g K) RC (J/kg) RCP (J/kg) Applied Field (T) Reference

751 965.3 5 This work
524 e 5 [13]
790 885 5 [33]
672 861 5 [31]
652 861 5 [21]
681 915 5 [20]
687 893 5 [32]
629 744 5 [32]
396 525 5 [32]
732 973 5 [22]
580 804 5 [23]
625 826 5 [24]
e e 5 [26]
687 900 5 [27]
748.22 1006 5 [25]
733.4 e 5 [15]
450 e 5 [14]
487 e 5 [14]
541 e 5 [10]
640 e 5 [10]
590 e 5 [9]
574 e 5 [9]
241 e 5 [43]
290 e 5 [43]
423 e 5 [43]
750 e 5 [12]
726 e 5 [12]
459 e 5 [44]

lass.
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microwires is nearly equal to that of Gd53Al24Co20Zr3 microwires
(733 J/kg), the TC of the former (~120 K) is significantly higher than
that of the latter (96 K). The present Gd3Ni/Gd65Ni35 microwires are
therefore more advantageous for magnetic refrigeration in the
liquid nitrogen temperature regime. In general, magnetocaloric
microwires with AM/AM þ NC structures represent significantly
higher RC and RCP values relative to their RG/BMG counterparts
[31e33].

4. Conclusion

In summary, we have shown that a novel biphase nanocrystal-
line/amorphous structure can be created in Gd alloy microwires,
such as Gd3Ni/Gd65Ni35 microwires, directly from melt extraction
through controlled solidification. The Gd3Ni/Gd65Ni35 microwires
show higher Curie temperature and larger RC as compared to their
bulk and ribbon counterparts. These excellent magnetocaloric
characteristics make the microwires in this study an attractive
candidate material for applications as a cooling device for micro-
and nano-scale electromechanical systems.
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