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Gadolinium (Gd) is the benchmark magnetocaloric material, yet its performance requires optimization in terms of
working temperature range, refrigeration capacity (RC) and heat exchange capacity. Here, we address this challenge
through a synergistic strategy combining Co alloying (to create an in-situ dual-phase magnetocaloric system) and the
melt-extraction technique (to directly shape the alloy into microwires). This approach fabricates Gdg7 5Co1;.5 (at.%) crys-
talline/ crystalline composite microwires. The resulting microstructure comprises a Gd-rich matrix embedded with a mag-
netocaloric Gd3Co phase, both of which are crystalline. This dual-phase architecture yields a remarkable magnetic entropy
change (—ASy,) profile, which delivers an ultra-broad effective temperature span (87) of 218.5 K (defined between the outer
half-maximum points of the dual-peak magnetic entropy change vs. temperature curve, 107.6-326.1 K) and a high RC of
658.7 J/kg under 5 T. To our knowledge, this work represents the first investigation of the magnetocaloric effect (MCE)
in Gd-based crystalline/crystalline composite microwires. More importantly, it validates a dual-route design paradigm:
phase-composition engineering for broadened 6T and RC, coupled with morphology engineering via melt-extraction for
enhanced heat exchange. This work establishes a new paradigm for designing next-generation magnetocaloric materials
with integrated performance enhancements, particularly for efficient magnetic refrigeration in applications like gas lique-

faction.
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1. Introduction

Magnetic refrigeration (MR) based on the magnetocaloric
effect (MCE) is an efficient and eco-friendly alternative to con-
ventional vapor-compression systems, with potential applica-
tions ranging from household cooling to gas liquefaction.[!=3]
The performance of an MR system relies on the magne-
tocaloric material, which cyclically absorbs and releases heat
during magnetization and demagnetization cycles.* For prac-
tical application, high-performance magnetocaloric materials
must meet several criteria:>~7! (i) high refrigeration capacity
(RC) to ensure effective heat transfer; (ii) a wide and continu-
ous working temperature span (8T), critical for processes like
gas liquefaction; (iii) effective heat exchange for compact de-
vice design; (iv) a cost-effective fabrication process.

To date, materials exhibiting a first-order magnetic phase
transition (FOMPT) have attracted considerable attention due
to their large magnetic entropy change (ASy), including
Gd—Ge-Si,8! Mn—Fe—-P-Si,!°! and La~Fe-Si-based alloys.[10J
However, their practical application is hampered by thermal
hysteresis and a narrow operating temperature range. In con-

TThese authors contributed equally to this work.
fCorresponding author. E-mail: yhqu@ncu.edu.cn
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trast, materials with a second-order magnetic phase transi-
tion (SOMPT) exhibit a fully reversible MCE with negligi-
ble hysteresis.[>! Although their peak ASy, is lower, they can
achieve a higher net RC owing to a broader 6T and the ab-
sence of hysteresis.!!!l Among magnetocaloric materials with
SOMPT, Gd is considered the benchmark refrigerant due to
its negligible thermal and magnetic hysteresis, a reproducible
MCE over extended cycling, a wide working temperature
range, and a large RC.[!>!13] Nevertheless, developing materi-
als that surpass pure Gd’s performance, especially in terms of
OT and heat exchange capability, remains a critical challenge
for advancing MR technology.

To optimize Gd-based materials, researchers have ex-
plored alloying with elements like Co, Sc, or Zr to form solid
solutions or multiphase microstructures, boosting RC.!14-1°]
However, bulk geometries suffer from low surface-area-to-
volume ratios, severely limiting heat exchange with refriger-

(171 Additionally, achieving chemical homogeneity

14-16]

ant fluids.
in bulk alloys often requires prolonged post-annealing,
increasing production costs and risking microstructural degra-
dation (e.g., grain coarsening, surface oxidation). While Gd
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wires fabricated via cold rolling/drawing improve heat ex-
change, they exhibit reduced —AS;, and a narrowed 67 unless
annealed, which adds costs.!!3 Thus, existing methods fail to
make Gd-based crystalline alloys concurrently meet all four
criteria for high-performance magnetocaloric materials.

To overcome these intertwined limitations, a synergis-
tic approach is needed. Recent studies suggest that design-
ing in-situ multiple-phase systems comprising multiple mag-
netocaloric phases can achieve a wide working temperature
range by superimposing multiple transitions.[!618:191 The Gd—
Co system, particularly near the Gd-rich composition, is a
prototypical example of such an in-situ dual-phase magne-
tocaloric material.'®! It naturally solidifies into a mixture of a
ferromagnetic Gd-rich matrix (Curie temperature, 7, ~ 294 K)
and an antiferromagnetic Gd;Co phase (Néel temperature,
Tn ~ 134 K). This unique dual-phase configuration results
in a dual-peak-bridged broad plateau in the —AS,, profile
over a broad temperature range, which is highly desirable for
magnetic refrigeration applications. Concurrently, the melt-
extraction technique enables one-step fabrication of continu-
ous microwires with favorable heat exchange geometry, while
shortening the annealing duration required for phase homo-
geneity compared to conventional arc melting. [>>°! Therefore,
the combined approach of Co addition and melt extraction is
expected to produce Gd—Co crystalline/crystalline composite
microwires that require no annealing, exhibit a high specific
surface area, a broad refrigeration temperature window, and a
large effective RC. However, this possibility has not yet been
explored.

Building on these insights, we fabricated Gdg7 5Coq25
crystalline/crystalline composite microwires via a single-
step melt-extraction process, eliminating the need for post-
annealing.  The selection of this specific composition
(Gdg75Co12.5) is motivated by two key considerations: (i)
According to the Gd—Co binary phase diagram,?!! this com-
position lies within the two-phase coexistence region of Gd
(hep) and GdzCo (orthorhombic), ensuring the formation of
the desired dual-phase structure; (ii) The distinct magnetic
transitions of the Gd matrix (ferromagnetic—paramagnetic,
FM-PM, ~ 294 K) and the Gd3Co phase (antiferromagnetic—
paramagnetic, AFM—PM, ~ 134 K) are expected to super-
impose, resulting in a broad plateau-like magnetic entropy
change profile and an extended operating temperature win-
dow. Through comprehensive microstructural, magnetic, and
magnetocaloric characterization, we demonstrate that these
microwires simultaneously achieve an ultra-broad effective
working temperature span (67 of 218.5 K (evaluated between
the outer half-maxima of the dual —AS, peaks), a high RC of
658.7 J/kg under 5 T, and a microwire geometry optimized
for heat exchange. This work establishes a new paradigm for
designing next-generation magnetocaloric materials with en-

hanced integrated performance, particularly for gas liquefac-
tion applications.

2. Experimental details

A master ingot with a nominal composition of
Gdg7.5Co;2.5 (at.%) was prepared by arc-melting high-purity
Gd (99.99%) and Co (99.99%) under a high-purity argon
atmosphere. The ingot was flipped and remelted at least
five times to ensure chemical homogeneity. Continuous mi-
crowires were directly fabricated from this ingot using the
single-roller melt-extraction technique. The extraction cham-
ber was first evacuated and then back-filled with argon gas to
prevent oxidation. The ingot was inductively melted in a boron
nitride (BN) crucible. Once a homogeneous molten state was
achieved, the melt was elevated until it made contact with the
edge of a rapidly rotating molybdenum (Mo) disk (surface ve-
locity corresponding to ~ 3500 rpm). The molten metal was
instantly drawn and solidified into continuous wires, which
were then ejected and collected.

The phase structure of the as-prepared microwires was
characterized by x-ray diffraction (XRD, Bruker D8 Advance)
with Cu K radiation (A = 0.15406 nm), recorded at a scan
rate of 1 °/min. The general microstructure, phase distribu-
tion, and chemical composition were characterized by scan-
ning electron microscopy (SEM, Zeiss Gemini 500) equipped
with an energy-dispersive x-ray spectroscopy (EDS) detector.
Back-scattered electron (BSE) imaging mode was primarily
used to provide atomic number contrast. Transmission elec-
tron microscopy (TEM) and selected-area electron diffraction
(SAED) were further employed to unambiguously identify the
crystal structure and distribution of the constituent phases.

Magnetic properties were measured using a vibrating
sample magnetometer (VSM) on a physical property measure-
ment system (PPMS, Quantum Design). Isothermal magneti-
zation curves were collected over a temperature range of 40—
390 K.

3. Results and discussion

Figure 1(a) shows the digital photograph of the as-
prepared melt-extracted Gdg7 5Co17.5 microwires, which ex-
hibit a loose, fluffy bulk morphology composed of numer-
ous randomly entangled, fine filaments with diameters on the
micrometer scale. This macroscopic appearance directly re-
flects the continuous, high-rate solidification characteristic of
the melt-extraction process, which enables the large-scale pro-
duction of uniform, high-aspect-ratio microwires. Figure 1(b)
presents the XRD pattern of the as-prepared melt-extracted
microwires. From Fig. 1(b), it can be seen that the diffraction

peaks can be unequivocally indexed to the hexagonal close-
1622.23] 44

16,23

packed (hcp) Gd phase (space group: P63/mmc)!
the orthorhombic Gd;Co phase (space group: Pnma).!
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The lattice parameters for these phases were calculated from
the prominent diffraction peak positions using Bragg’s law
(2dsin@® = A) and the corresponding plane-spacing formu-
las for each crystal system. For the hcp Gd phase, the a
and ¢ parameters were directly derived from the (1010) and
(0002) reflections, yielding values of a = b = 0.3624 nm and
¢ = 0.5810 nm. For the orthorhombic Gd;Co phase, a set of
linear equations based on the (201), (401), and (220) reflec-
tions was solved to obtain ¢ = 0.7058 nm, b = 0.9536 nm,
and ¢ = 0.6331 nm. This approach ensured high accuracy
without the need for multi-peak fitting. The calculated val-
ues are in close agreement with literature data.['%>223] Fig-
ure 1(c) displays a refined and uniform microstructure consist-
ing of well-defined dendritic morphology. Quantitative EDS
point analysis (Table 1) confirms that the dark-contrast ma-
trix is a Gd-rich phase with a mean composition of 98.5 at.%
Gd and 1.5 at.% Co, while the bright interdendritic regions
exhibit a near-stoichiometric Gd3;Co composition, averaging
75.4 at.% Gd and 24.6 at.% Co. The low standard deviation in
the EDS measurements across multiple points further reflects
the high chemical homogeneity of both phases. Using ImageJ
software, the volume fractions of the Gd and Gd3;Co phases in
the as-prepared Gdg7 5Co1,.5 microwires were determined to
be 60.5 vol.% and 39.5 vol.%, respectively.

2 & Gd;Co phase
RS ¢ Gd phase
L3

(b)

1010) (201) (0002)

Intensity (arb. units)

0 10 20 30 40 50 60
2 ()

70 80 90

LR

Fig. 1. Macro morphology, phase and microstructure of melt-extracted
Gdg75Co125 alloy microwires. (a) Digital photograph showing the
macroscopic morphology of the as-prepared microwires; (b) XRD pattern
showing the dual-phase structure of hcp Gd and orthorhombic GdsCo;
(c) BSE micrograph revealing a uniform dendritic morphology, with a
Gd-rich matrix (dark contrast) and a Gds;Co interdendritic phase (bright
contrast).

To further unambiguously determine the crystal structure
of the constituent phases, TEM analysis was performed, and
the results are presented in Fig. 2. The bright-field image
in Fig. 2(a) clearly reveals the distribution of the two phases
in the melt-extracted Gdgy 5sCo, 5 alloy microwire. From the
corresponding SAED patterns, the bright phase (see the green
dashed frame) and the dark phase (see the red dashed frame)
were identified as the Gd and Gd3Co phases, respectively. To

further confirm the identification of both phases in the melt-
extracted Gdg; 5Co 5 alloy microwire, TEM-EDS point anal-
ysis was carried out, and the results are also listed in Ta-
ble 1. From Table 1, it can be seen that the Gd phase contains
97.48 at.% Gd and 2.53 at.% Co, while the Gd3Co phase con-
sists of 74.88 at.% Gd and 25.12 at.% Co. These results are
consistent with the SEM-EDS data, providing strong corrobo-
ration for the existence of the Gd-rich matrix and the Gd;Co
phase. Figure 2(b) shows the TEM-EDS elemental maps.
As shown in Fig. 2(b), the Gd signal appears nearly uniform
across the microstructure due to the high Gd atomic fraction in
both phases, resulting in weak compositional contrast. In con-
trast, the Co map exhibits a sharp concentration gradient, rang-
ing from ~ 2.53 at.% in the matrix to ~ 25.12 at.% in the in-
terdendritic phase, which unambiguously delineates the phase
distribution. The distinctive architecture of a Gd-rich matrix
hosting a fine, interconnected Gd3Co phase is particularly ad-
vantageous: the ductile Gd-rich matrix ensures robust me-
chanical integrity, while the uniform and fine-scale distribu-
tion of both phases provides short and efficient diffusion paths.
The combination of XRD, SEM, and TEM analyses confirms
that the melt-extraction technique successfully enables the for-
mation of the desired dual-phase structure in the Gdg7 5Coq2.5
microwires. Notably, this phase constitution (Gd 4+ Gd3;Co) is
consistent with the equilibrium phase diagram of the Gd—Co
binary system,?!! indicating that the rapid solidification pro-
cess retained the stable phases despite the high cooling rate.

G &

Fig. 2. TEM and TEM-EDS of melt-extracted Gdg7 5Co;, 5 alloy mi-
crowires. (a) TEM bright-field image and SAED patterns. (b) TEM-EDS
elemental maps.

Figure 3(a) shows the temperature dependence of mag-
netization, M(T), for the Gdg75Co1».5 microwires measured
under an applied field of 0.05 T. The zero-field-cooled (ZFC)
curve was obtained by cooling the sample from 390 K to
5 K in zero field and subsequently measuring during warm-
ing under 0.05 T. The field-cooled (FC) curve was measured
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during cooling under the same constant field. The inset dis-
plays the derivative, dM/dT, of the FC curve, revealing
two distinct peaks at approximately 134 K and 294 K. Ac-

s,[12131 pure Gd undergoes a fer-

cording to previous studie
romagnetic transition at ~ 293 K. At the same time, the
Gd3Co compound undergoes an antiferromagnetic transition
at ~ 130 K.[1624] Indeed, studies show that the transition tem-
peratures of these phases are highly dependent on stoichiome-
try and vacancies.!'31416:251 Thus, the FM to PM transition at
~ 294 K originates from the Gd matrix, while the AFM to PM
transition at ~ 134 K arises from the Gd;Co phase. The close
agreement of these transition temperatures with those reported
for the bulk arc-melted alloy!'®! indicates that the rapid solid-
ification process inherent to melt extraction preserves the fun-
damental magnetic characteristics of the constituent phases.
From Fig. 3(a), it can also be found that the ZFC and FC mag-
netization curves exhibit a distinct splitting below a charac-
teristic irreversibility temperature (7i;), which is indicative of
spin-glass-like freezing behavior. In highly disordered mag-
netic systems, this effect is frequently observed and arises pri-

marily from domain-wall pinning and the prominent magnetic
anisotropy of the RE ions.!*%! Figure 3(b) exhibits the M (T")
curves under 0.05 T in the field-cooled (FC) mode. The field-
cooled magnetization in Fig. 3(b) demonstrates a composite
magnetic system that undergoes dual second-order phase tran-
sitions. The most notable feature is the complete lack of ther-
mal hysteresis between the cooling and heating branches, con-
firming the thermodynamic reversibility of the overall mag-
netic transformation process. This macroscopic reversibil-
ity implies that the separate phase transitions of the Gd and
Gd3Co phases are individually reversible. Thus, the broad and
smoothly varying M(T') curve is not an artifact of kinetic hin-
drance, but rather a direct result of the superposition of two
reversible transitions occurring at different temperatures. The
broadening of the phase transition originates from the mate-
rial’s microstructural features rather than compositional inho-
mogeneity within a single-phase alloy. This results in a system
that combines high reversibility with a broad working temper-
ature window, rendering it particularly promising for magne-
tocaloric applications.

Table 1. Quantitative EDS point analysis of the constituent phases in melt-extracted Gdg7 5Co15 5 alloy microwires, showing excellent agreement
between SEM-EDS and TEM-EDS despite the contrast reversal between the two techniques.

Technique Phase & contrast Element (at.%) Point 1 Point 2 Point 3 Average

d .1 . . .

Gd-rich phase (dark) g 9189 918 19 91855 91855

SEM-EDS GZ 763 746 754 754
Gd3Co phase (bright) - ’ ’ ’

Co 23.7 25.4 24.6 24.6
73 . . .

Gd-rich phase (bright) gd 918277 954 1885 918 1837 9275438

TEM-EDS G?l 74 36 75. 34 74. 93 74; 88
Gd;3Co phase (dark) ’ ’ ’ ’

Co 25.64 24.64 25.07 25.12

To further ascertain the reversibility of the phase transi-
tions and to quantitatively evaluate the magnetocaloric perfor-
mance, the isothermal magnetization curves (M(H) curves) of
the Gdg75Co12.5 microwires were measured over a tempera-
ture range of 40-390 K. For clarity, the results are presented
in two separate panels: Fig. 4(a) displays the M(H) curves
from 40 K to 210 K, encompassing the temperature range of
the Gd3Co phase transition, while Fig. 4(b) shows the curves
from 220 K to 390 K, covering the transition of the Gd-rich
matrix. As shown in Figs. 4(a) and 4(b), the M(H) curves
collected during the increasing and decreasing field cycles are
nearly superimposed at every measured temperature. This ab-
sence of hysteresis in the M (H ) loops provides direct and com-
pelling evidence for a highly reversible magnetization process,
which is a critical prerequisite for efficient magnetocaloric
applications with low hysteretic energy loss. The evolution
of these isotherms, viewed across Figs. 4(a) and 4(b), delin-
eates the magnetic behavior of the dual-phase system. In the
low-temperature regime (Fig. 4(a), 40—130 K), the curves ex-
hibit a rapid approach to technical saturation, characteristic of

the coexisting ferromagnetic (Gd-rich) and canted antiferro-
magnetic (Gd3;Co) phases. As the temperature increases be-
yond the Néel temperature of the Gd3;Co phase (Ty ~ 134 K)
and into the range shown in Fig. 4(b), the system enters a
regime dominated by the ferromagnetic Gd matrix. Finally,
above the Curie temperature of the Gd matrix (7; ~ 294 K),
the isotherms in Fig. 4(b) transition into linear, non-saturating
curves, confirming the paramagnetic state of both phases. To
rigorously determine the order of these magnetic transitions,
Arrott plots (M? vs. tgH /M) of Gdg7 5Co1, 5 microwires were
constructed from the isothermal magnetization data, as dis-
played in Figs. 4(c) and 4(d), corresponding to the same tem-
perature ranges as Figs. 4(a) and 4(b), respectively. According
to the Banerjee criterion,!?’! a first-order magnetic phase tran-
sition is characterized by a negative slope in the Arrott plot,
whereas a second-order transition exhibits a positive slope. As
shown in Figs. 4(c) and 4(d), the Arrott plots across the entire
temperature range, spanning both the 7y of the Gd3Co phase
and the T of the Gd matrix, show no negative slopes or inflec-
tion points. This provides definitive evidence for second-order
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phase transitions, which is fully consistent with the absence
of hysteresis observed in the M(T) and M(H) measurements
(Figs. 3(b), 4(a), and 4(b)).

From the measured M(H) curves, we determined the
magnetic entropy change (—ASy) as a function of tempera-
ture and magnetic field, employing the Maxwell relation for
the calculation!?%!

— AS(T,AH) = Su(T,H) — S (T, 0)
T romm.T
(o) o
0 H
100
(a)
:\;; 294 K
B
Q': 300
=
0_ 1 1 h
0 100 200 300 400
T (K)

where M, H, and T denote the magnetization, the applied mag-
netic field and the temperature, respectively.

The —AS, at various external applied magnetic fields and
temperatures for the melt-extracted Gdg75Co;;5 dual-phase
alloy microwires were assessed using Eq. (1) and are shown
in Fig. 5. From Fig. 5, it can be found that the —AS,(T)
for a magnetic field change of 0-5 T presents a distinct
double-peak feature. Specifically, two well-resolved peaks
are observed in the —ASy(T) curve, corresponding to the
magnetic transitions of the two crystalline phases in the com-
posite: the lower-temperature peak at ~ 135 K arises from the
antiferromagnetic—paramagnetic transition of the crystalline

100 :
(b) FC -~ Heating
o - Cooling]
80F R
—~~ e H
T \
2 6o !
E i
< 40f .
=
20} TN
v
i
ok i i e
0 100 200 300 400
T (K)

Fig. 3. (a) Temperature dependence of magnetization (M(T)) for melt-extracted Gdg7 5Co12 s alloy microwires under a magnetic field of 0.05 T
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GdzCo phase, while the higher-temperature peak at ~ 295 K
originates from the ferromagnetic—paramagnetic transition of
the crystalline Gd-rich matrix. This assignment is directly
supported by the corresponding features in the M(T') curves
(Fig. 3) and the second-order transition behavior confirmed by
the Arrott plots (Figs. 4(c) and 4(d)), collectively affirming
the crystalline/crystalline composite nature of the microwires.
Notably, these two transition peaks are bridged by a broad, rel-
atively flat plateau, which enables an extended effective oper-
ating temperature range for magnetocaloric applications. The
—ASn(T) curve under 5 T spans a remarkably broad temper-
ature interval of 218.5 K (from 107.6 K to 326.1 K), within
which a substantial magnetocaloric effect is maintained. To
quantify the effective operating temperature breadth, a key cri-
terion for applications requiring continuous cooling, we eval-
uate the working temperature span (87'). For our dual-peak
system, and in line with the reporting convention for com-
posite magnetocaloric materials,[!®?8 ST is defined as the
temperature interval between the outer half-maximum points
of the two peaks in the —ASp,(T) curve. Under a magnetic
field change of 5 T, this 8T reaches 218.5 K, extending from
107.6 K to 326.1 K. It is important to note that this definition
captures the full continuous window over which a substan-
tial magnetocaloric effect is maintained. Although the mag-
netic entropy change in the valley between the peaks is lower
(~ 1.8 Tkg~!-K~! under 5 T) compared to the peak values
(~ 4.8 Jkg~! - K1), it remains functionally significant and
contributes to the overall refrigerant capacity. Consequently,
this large 8T value far exceeds the single-peak full-width
at half-maximum of benchmark pure Gd (87 ~ 70.0 K),[*’]
highlighting the superior capability of our dual-phase system
for wide-temperature-range applications such as gas liquefac-
tion.

Beyond a high magnitude of entropy change (|ASy

), a
large refrigeration capacity (RC) is essential for practical mag-
netocaloric applications. The RC, representing the amount of
heat transferred between the hot and cold reservoirs in an ideal

[14.15] i quantified by integrating the area

refrigeration cycle,
under the |ASy, (T')| curve over the full-width at half-maximum

temperature span, calculated as follows:[1%1°]

T
RC — /\ASm|dT, @)

T
where 77 and 7, denote the temperatures that correspond to the
half-maximum values on the two sides of the AS,,(T) curve,
respectively. Using Eq. (2), the refrigeration capacity (RC) of
the melt-extracted Gdg75Co12 5 alloy microwires was calcu-
lated to be 658.7 J/kg, which is slightly lower than the value
of 720.9 J/kg reported for its bulk arc-melted Gdg75C012.5
alloy.l'® This close agreement demonstrates that the rapid
solidification inherent to the melt-extraction process success-
fully preserves the intrinsic magnetocaloric performance of

the dual-phase Gdg7 5Co1; 5 alloy, despite the geometric shap-
ing into microwires. More importantly, this RC value repre-
sents a substantial ~ 52% enhancement over that of the bench-
mark material, pure Gd (RC ~ 433.0 J/kg)*"! and is achieved
over a dramatically broadened effective temperature window
(218.5 K vs. ~ 70.0 K for pure Gd). Evidently, the present
microwires successfully address the key limitations of pure
Gd by simultaneously achieving a high RC and an ultra-wide
OT. It is worth noting that the definition of 8T as the inter-
val between the outer half-maximum points of the dual peaks
is consistent with prior reports on dual-phase magnetocaloric

16.28] providing a standardized metric for comparing

materials, |
the effective working temperature ranges of such systems.

The origin of the dual-peak-bridged broad plateau in the
—ASy, profile of the melt-extracted Gdgy5Coj,5 alloy mi-
crowires can be attributed to the synergistic interplay between
dual second-order magnetic phase transitions and the unique
crystalline dual-phase architecture (see Fig. 1(b)). From a
microstructural perspective, the dark Gd phase (60.5 vol.%)
acts as the volume-dominant matrix phase in the alloy system,
while it is segmented into dispersed regions by the continu-
ously distributed Gd;Co phase (39.5 vol.%). This structural
configuration establishes two distinct magnetocaloric sources,
with a large separation in their magnetic ordering temperatures
(In = 134 K for Gd3Co and T; =~ 294 K for Gd) forming the
structural basis for the wide operating window. Magnetically,
the second-order nature of both transitions, confirmed by Ar-
rott plots (Figs. 4(c) and 4(d)) and combined with negligible
thermal and magnetic hysteresis (Figs. 3(b), 4(a), and 4(b)),
facilitates a smooth superposition of their individual entropy
changes.

To comprehensively evaluate the magnetocaloric perfor-
mance of the melt-extracted Gdg75Coj;5 alloy microwires,
which constitute a fully crystalline/crystalline composite, their
key parameters under 5 T are compared with those of other
prominent Gd-based crystalline materials operating in sim-
ilar temperature ranges, as summarized in Table 2. First,
compared to typical crystalline alloys exhibiting a FOMPT,
such as GdsSi; 7Ge, 38 and GdsSixGe,,?”! the present mi-
crowires demonstrate a broader working temperature range.
Although FOMPT materials can achieve high peak magnetic
entropy changes (—ASy,), they suffer from significant hys-
teresis losses, which degrade refrigeration efficiency and de-
vice longevity. More critically, their useful magnetocaloric
effect (MCE) is confined to a narrow temperature window
(0T =~ 19-28 K). In contrast, the dual SOMPT in our crys-
talline composite result in negligible hysteresis and an ex-
ceptional 8T of 218.5 K, eliminating the need for complex
composite strategies to broaden the temperature span. This
clearly demonstrates an advantage in operational breadth and
efficiency over FOMPT crystalline benchmarks. Second, in
terms of performance breadth, these microwires outperform
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other state-of-the-art Gd-based bulk crystalline materials with
SOMPT. As shown in Table 2, typical SOMPT crystalline ma-
terials, such as GdsSi; 7Ge; oFeq.4,® Gd3Co,*! pure Gd,*!
Gd5SizGel.9Feo_1,[3ol and Gd6C02Si3,[3” while hysteresis-
free, still exhibit limited 87 values (typically < 112 K) due
to their single magnetic transition. By coupling the transitions
of the Gd matrix and the Gd;Co phase, our dual-phase mi-
crowires achieve a 6T more than twice as wide while main-
taining a competitive —ASy, peak and a high RC. This estab-
lishes the in-situ dual-crystalline-phase design as a superior
strategy within the SOMPT family for achieving an exception-
ally wide working temperature span. Third, the transition to a
microwire geometry in this crystalline composite system rep-
resents a critical innovation. As the first report on the magne-
tocaloric effect of dual-phase crystalline Gd-based composite
microwires, its performance merits direct comparison with its

bulk crystalline counterpart. As indicated in Table 2, the de-
veloped Gdg7.5Co12 5 microwires (RC = 658.7 J/kg) fully pre-
serve the excellent table-like —ASy, profile and the majority
of the RC inherent to the bulk crystalline Gdg; 5Coy; 5 alloy
(RC = 720.9 J/kg),!'9] confirming that rapid solidification ef-
fectively retains the intrinsic magnetocaloric properties of the
crystalline phases. More importantly, the microwire morphol-
ogy offers a potential solution to a key regenerator design chal-
lenge: heat exchange efficiency. Therefore, through the syner-
gistic combination of a fully crystalline dual-phase composi-
tion, second-order transitions, and a microwire morphology,
the present work advances the state-of-the-art in crystalline
magnetocaloric materials by delivering a system that simul-
taneously excels in key performance metrics: ultra-wide 8T,
high RC, negligible hysteresis, and enhanced heat exchange
potential, all via a scalable single-step process.

Table 2. Comparison of key magnetocaloric parameters for the Gdgy 5Co;, 5 microwire and other typical Gd-based crystalline materials under
5 T. (M) and (B) in parentheses represent the “microwire” and “bulk alloy”, respectively. FOMPT and SOMPT denote first-order and second-
order magnetic phase transitions. 7;, denotes the peak temperature of the magnetic entropy change (—ASp,).

Material Transition type —ASm kg mKH & T, (K) 8T (K) RC (J-kg™ 1) Ref.
Gdg7.5Co12.5 (M) SOMPT ~4.8/134 K & 4.8/294 K 218.5P 658.7 this work
GdsSi; 7Ges 3 (B) FOMPT 17.5/240 19.7 288.1 Ref. [8]

GdsSi; 7Gey oFeg 4 (B) SOMPT 7.0/287 K 81.82 455.6 Ref. [8]
Gdg7.5Co12.5 (B) SOMPT ~4.8/128 K & 4.2/293 K 236.7° 720.9 Ref. [16]
Gd3Co (B) SOMPT 11.1/129 K 428 494.4 Ref. [25]
GdsSiyGe; (B) FOMPT 19.0/270 K 28.0° 305.0 Ref. [29]
Pure Gd (B) SOMPT 8.7/294 K 70.0 433.0 Ref. [29]
GdsSiyGe) oFe | (B) SOMPT 71305 64.02 360.0 Ref. [30]
GdsCo,Si3 (B) SOMPT 6.3/295 K 111.22 503.0 Ref. [31]

2For materials with a single magnetic entropy change peak (e.g., pure Gd, Gd3;Co), 8T reported is the conventional full width at half maximum.

bFor dual-peak systems (this work and Ref. [16]), 8T is defined as the temperature span between the outer half-maximum points of the two peaks.|
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Fig. 5. Magnetic entropy change —ASy, as a function of temperature
for melt-extracted Gdg; 5Co1 5 microwires under different magnetic field
changes.

While the in-situ dual-phase design successfully yields an
ultra-broad effective temperature span (67'), the saddle-shaped
inflection between the two peaks in the —ASy, profile (Fig. 5)
indicates room for further optimization toward a more ideal
table-like magnetocaloric response. It is noted that for the
bulk counterpart of similar composition, merely varying the
Gd/Co ratio to change the phase fractions has a limited ef-
fect on elevating the valley between the peaks.!'®! This sug-

16,28]

gests that future optimization strategies should move beyond
simple compositional tuning. Instead, focusing on enhancing
the magnetic coupling between the two phases holds promise.
The strong biphasic coupling observed in the bulk alloy, which
broadens the magnetic transition,'®! implies that strengthen-
ing this interaction could promote a smoother superposition of
the two magnetocaloric contributions. Potential pathways in-
clude interface engineering via post-processing (e.g., anneal-
ing) to improve interfacial coherency and elemental interdif-
fusion, which may intensify the exchange interaction at the
FM/AFM interface. Additionally, the formation of an inter-
connected network of the Gd phase upon annealing, as re-

(161 might

ported to be crucial for mechanical enhancement,
also facilitate magnetic interaction pathways across the mi-
crostructure. Applying such microstructural control to our
melt-extracted microwires could be a fruitful direction to fur-
ther flatten the —AS}, plateau, thereby optimizing the magne-
tocaloric performance for applications demanding a constant
cooling power over a wide temperature range.

In conclusion, the Gdg7.5Co01;.5 alloy microwires fabri-

cated via the melt-extraction technique uniquely integrate mul-
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tiple advantages derived from their simple processing and ma-
terial design: (i) hysteresis-free second-order transitions, (ii)
a broad working temperature range enabled by the dual-phase
design, (iii) high refrigeration capacity, (iv) a wire geometry
optimized for heat exchange, and (v) a highly efficient and
cost-effective manufacturing process due to single-step forma-
tion without the need for annealing. As the first demonstra-
tion of a Gd-based crystalline/crystalline composite magne-
tocaloric microwire, this work achieves a synergistic combina-
tion of straightforward fabrication, favorable material proper-
ties, and an advantageous geometry, establishing it as a highly
promising candidate for next-generation magnetic refrigera-
tion.

4. Conclusion

In  summary, continuous  Gdg75Cojp5  crys-
talline/crystalline magnetocaloric microwires have been suc-
cessfully fabricated via a one-step melt-extraction process
without post-annealing. Microstructural characterization con-
firms the formation of an in-sifu dual-phase composite consist-
ing of a Gd-rich matrix embedded with a Gd3Co phase. The
microwires exhibit excellent magnetocaloric performance,
combining a broad effective temperature span (67, defined
between the outer half-maxima of the dual peaks) of 218.5 K
with a high refrigeration capacity of 658.7 J/kg under 5 T. This
performance arises from the superposition of two reversible
second-order magnetic transitions, which together maintain
a functionally useful ASy, across the entire wide temperature
window, despite a lower value in the valley region. This study
demonstrates that the synergistic combination of an in-situ
dual-phase design (via Co alloying) and the melt-extraction
technique provides an effective dual-route strategy to simul-
taneously achieve an extended operating temperature range,
high refrigeration capacity, and enhanced heat exchange ca-
pability in a single material system. The results establish
Gd-based crystalline/crystalline composite microwires as a
promising candidate for efficient magnetic refrigeration, par-
ticularly in applications such as gas liquefaction. The pre-
sented approach is also expected to be applicable to other
rare-earth-based magnetocaloric systems.
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