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Abstract: In this paper, a new medium entropy alloy with nominal composition of Gdz3Cos3Al34
was designed and fabricated into microfibers by a melt-extraction method. The microstructure,
thermophysical parameters, and magnetocaloric properties of the obtained fibers were systematically
analyzed. The results showed that the as-cast fibers show an amorphous matrix with embedded
in situ nano crystals. The fibers show a good magnetocaloric effect with the maximum magnetic
entropy change of ~6 J/kg-K for a field change of 5 T. Notably, the fibers show excellent cooling
efficiencies with an RCP and RC of ~611.72 and ~487.38 ] / kg, respectively. Though the as-cast fibers
possess an amorphous/nanocrystal bi-phase structure, they still exhibit a second-order transition
near a Curie temperature of ~96 K. Our findings provide a promising pathway towards developing
new magnetocaloric materials with good magnetocaloric performances.

Keywords: magnetocaloric properties; medium entropy; amorphous; melt-extracted microfibers

1. Introduction

Magnetic refrigeration based on the magnetocaloric effect (MCE) provides a feasi-
ble and promising alternative to traditional gas compression refrigerators for its energy
saving, environmental protection, and high efficiency [1,2]. Distinct from conventional
gas compression refrigeration technology, magnetic refrigeration technology employs a
solid substance as the refrigerant, with water often utilized as the heat transfer medium
in its circulation loop. This innovative approach mitigates environmental concerns asso-
ciated with traditional refrigerating materials like Freon, hydrocarbons, and ammonia,
thereby averting issues such as ozone layer depletion and the risk of flammable gas leakage.
Moreover, magnetic refrigeration boasts an impressive efficiency, reaching between 30%
and 60% of the Carnot cycle, surpassing the efficiency of gas compression refrigeration by
approximately 20% [3,4]. This remarkable efficiency contributes significantly to reducing
carbon emissions, aligning with the emerging environmental principles of “carbon peak”
and “carbon neutrality”. Consequently, magnetic refrigeration garners increasing attention
due to its promising application prospects and alignment with sustainability goals [5,6].

As promising magnetic refrigerants with second-order transition, the pure rare earth
element Gd exhibits an excellent magnetocaloric response near room temperature (294 K)
with its maximum magnetic entropy change (—ASy™*) of ~10.2 J/kg-K and refrigerant
capacity (RC) of ~410 J/kg at 5 T, resulting from its large magnetic moment [7-9]. How-
ever, the application of Gd has been constrained by its high costs; therefore, alloying
emerges as one of the most economical choices. In recent years, significant advancements
have been made in developing Gd-based materials with excellent magnetocaloric effects
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(MCEs) through alloying, aimed at reducing costs and optimizing performance. In 2009,
Zhang et al. [10] obtained an amorphous band of GdCo with the same composition but
different proportions using melt rapid quenching technology, and found that the MCE in-
creased with increasing Gd content. Another study [11] has shown that Gds;CoygAlys amor-
phous bulk alloy has an excellent magnetothermal property with —ASy™® of 11.2 J/kg-K
for a field change of 7 T, which is almost equivalent to that of pure metal Gd. The addi-
tion of Al enhances the glass-forming ability, resulting in an amorphous structure that
promotes enhanced atomic interaction, thereby increasing the MCE [12]. The nanocrystals
within the amorphous matrix lead to a distribution of Curie temperatures [13]. In 2011,
Fu et al. [14] found that by decreasing the content of Al and increasing the content of
Co, the Curie temperature of the amorphous alloy gradually increased while preserving
the large —ASy™#*. Huo et al. [15] firstly developed a high entropy amorphous alloy of
GdpoTbyoDy20AlygTMyy (M = Co, Ni and Fe), which broadened the working temperature
range by introducing high mixing entropy. Furthermore, studies have reported that the
random distribution of elements, along with complex magnetic structures and exchange
coupling among multiple principal elements, contribute to prolonging the magnetic phase
transition process. This phenomenon results in a sluggish magnetic transition across a wide
temperature range, ultimately leading to exceptional cooling efficiency [16]. Alloy materials
composed of multiple principal elements in equimolar or near-equimolar ratios exhibit high
entropy of mixing, representing a novel approach to component design for achieving high
performance. Medium-entropy alloys based on rare elements have demonstrated excellent
magnetocaloric performance while reducing the number of alloy components. Additionally,
rare elements with large magnetic moments are typically used in magnetocaloric materials,
forming amorphous structures through alloying with magnetic transition and main group
elements. To minimize the number of elements while preserving the effects of mixing
entropy, Bao et al. [17] developed a range of medium entropy amorphous fibers. Among
these, the HoErCo alloy exhibits the most outstanding MCE performance, with —ASy/™?*
of ~15 J/kg K for a field change of 5 T. However, its Curie temperature is relatively low,
around 16 K. In addition, Yin et al. [18] noted that the presence of nanocrystals within
the amorphous matrix enhances magnetic performance due to interactions within the
biphasic structure.

In this work, a new type of medium entropy amorphous fibers of Gdz3Co33Al34
composition was designed and fabricated by a melt-extraction method. The microstructure,
magnetic transition, and magnetocaloric performances were systematically investigated.
The results indicate that Gd33Cos3Alz4 fibers exhibit favorable MCE properties along with
a high Curie temperature. Our study offers a novel approach for developing magnetic
refrigerants suitable for cooling systems.

2. Materials and Methods

High-purity raw materials (99.95%Gd, 99.99%Co and 99.99%Al) were selected and
alloyed by vacuum non-consumable tungsten arc furnace. The Gdz3Cos3Al34 alloy ingot
with a weight of 70 g was obtained and then an alloy bar with a diameter of 9 mm was
formed by suction casting. The prefabricated alloy rod was put into a boron nitride crucible
and re-melt by induction heating in a home-made melt-extraction device. The melt was
fed to connect with a high-rotating Cu wheel and then was dipped and quenched into
microfibers. The detailed process parameters can be found in our previous report [19]. X-ray
diffraction (XRD) (Japan Science D/MAX-yB) with Cu target K« ray and graphite filter were
used to analyze the phase composition of the fiber. Differential scanning calorimetry (DSC)
(Pyris 1 of P-E Company, Netzsch, Gemany) was applied to obtain the thermal physical
parameters of the fiber. The surface morphology and element distribution of the fibers were
characterized by scanning electron microscope (Zeiss Merlin Compact, Jena, Germany) and
EDS energy spectrometer. Transmission electron microscopy (Talos F200x and Tecnai G2
T20) was employed to analyze the microstructure of the as-cast fibers. Thermomagnetic
curves (M-T) and isothermal magnetization curves (M-H) were measured using a physical
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property measurement system (PPMS-9T from Quantum Design Company, San Diego, CA,
USA). A bunch of fibers were used and put into a sample holder for ensuring the accuracy
of mass weighing. All the fibers were arranged in parallel along the direction of the applied
magnetic field. A schematic diagram of the fiber test sample is illustrated in Figure 1c.
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Figure 1. (a) Morphology and element distribution of the Gd33Cos3Al34 fiber surface. (b) XRD
and (c) DSC results of the Gd33Cos3Al34 microfibers. (d) Diagram illustrating the magneto-thermal
performance testing setup for fiber samples.

3. Results and Discussion
3.1. Phase Composition and Microstructure

Figure 1a shows the surface morphology and element distribution of Gd33Co3z3Al34
fibers. The fibers show a uniform diameter of ~30 um without obvious groove defects
or Rayleigh wave defects. The fibers possess a smooth surface without typical crystal
characteristics such as grain and grain boundary. The experimental composition deter-
mined by EDS is Gda318C03332Al133 50, which closely matches the nominal composition.
Furthermore, EDS mapping reveals that the elements were evenly distributed without
visible fluctuations.

Figure 1b,c shows the XRD and DSC curves of the as-cast Gd33Cos3Al34 microfibers,
respectively. The XRD pattern of the fibers at room temperature shows that the diffraction
peak intensity is low without obvious high-intensity crystalline diffraction peaks and
the diffuse scattering peak appears at 26 of ~22°. However, the presence of a few sharp
peaks with low intensity appearing at ~37° indicates that most of the fibers obtained by
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the rotary dipping process are amorphous with a few crystalline structures distributed
in the amorphous matrix. The DSC result (Figure 1d) shows that a crystallization peak
appeared clearly, indicating the proper thermophysical characters of an amorphous alloy
for the fabricated microfibers. The initial crystallization temperature (Tx) of the fibers was
determined to be ~819 K.

The TEM analysis was applied to further confirm the microstructure of the as-cast
fibers. Figure 2a shows the high-resolution image of the fiber and the illustration is a
selected area electron diffraction diagram. It can be seen that most areas are featureless
with a long-range disorder structure such as region 1 in Figure 2a, which exhibits a matrix
possessing a typical amorphous structure. It is worth noting that there are also a small
number of micro-regions with clear ordered structures with stripe characteristics, such
as regions 2 and 3, which are identified as nano-crystalline structures. Simultaneously,
two distinct diffraction rings appeared in the SAED image, indicating the presence of
nanocrystals distributed within the amorphous matrix. To assess the degree of structural
order in the as-cast fibers, Figure 2a was divided into 64 equally sized sub-images. The
corresponding autocorrelation transformed images are presented in Figure 2b. A sub-image
with clear crystal-like diffraction spots after its fast Fourier transformation (not shown)
was selected as a reference in this work. The sub-image shows crystal-like diffraction spots
taken as ordered, otherwise as disordered. The degree of structural order (¢) is defined
as follows:

S 1/nm

1o

Figure 2. Gd33Co33Als, fiber treated by high-resolution transmission electron microscope. (a) Selected
area electron diffraction map and high-resolution image; (b) the corresponding autocorrelation
transformed image; (c) amorphous matrix and nanocrystalline after forward and inverse Fourier
transform; (d) the interplanar spacing of nanocrystalline structures.
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where { and «x are the numbers of ordered and total sub-images, respectively. The order
degree of the high-resolution image was calculated to be ~14%. In addition, Fourier
Function Transform and Inverse Fourier Function Transform (FFT and IFFT) were carried
out on the micro-regions 1 and 2 for comparing the atomic arrangement rules of amorphous
and nano-crystalline parts, and the corresponding images are shown in the sub-images
1 and 2 of Figure 2c. There are two kinds of nanocrystals with different organizational
structures in the diagram, which are consistent with the SAED results. Through the FFT
and IFFT of regions 2 and 3 (sub-images 3 and 4 of Figure 2c), the interplanar spacings of
the nanocrystals in these two regions were found to be different, and Figure 2d shows the
average fringe spacing calculated for each type of nanocrystal. The interplanar spacings of
regions 2 and 3 were determined to be Dy = 0.214 nm and D3 = 0.192 nm, corresponding to
the CozGd and CoyAls phases based on the PDF card.

3.2. Magnetothermal Properties of Gdz3Coz3Alzy4 Fibers

Figure 3 shows the thermo-magnetic curve (M-T) and its corresponding H/M-T curve
for the Gd33Co33Al34 fibers over a temperature range of 10-250 K and in an applied field
of 0.02 T. Clearly, the sample is ferromagnetic at low temperature and paramagnetic at
high temperature, which indicates a transition from the ferromagnetic to paramagnetic
state on increasing the temperature. The transition is of the second-order type for the
amorphous structure of the as-cast fibers. The Curie temperature T¢ of the sample is
defined as the lowest point of the derivative of the M-T curve (dM/dT-T), which has been
determined to be ~95.58 K. This Curie temperature represents the average value between
nanocrystals and the amorphous matrix, indicating a distribution of Curie temperatures.
This distribution leads to a relatively broad peak in dM/dT [13]. This value is much higher
than those of HoEr-based medium amorphous fibers [17]. Considering the Curie-Weiss
law, the H/M-T or x ! (T) curve was constructed and displayed in Figure 3b, according to

the following equation:
C

= mr 2)

X
where yx is the magnetic susceptibility and described as M/H, and the Curie-Weiss tem-
perature 6, of the fiber is calculated to be ~106 K, which is about 10 K higher than the
Curie temperature T¢. The Curie constant C is ~2.56 emu-K/mol and the effective atomic
magnetic moment j. is ~4.53 pp. The effective magnetic moment of the fiber is lower than
that of pure Gd, primarily due to the lower Gd content in the alloy, the presence of Co
with lower magnetic properties, and Al, which does not contribute a magnetic moment to
the alloy.
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Figure 3. (a) Thermomagnetic (M-T) curve and its derivative with respect to temperature (the inset
(a)); (b) the corresponding H/M-T curve of the Gd33Cos3Als4 fibers.
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Figure 4a shows the isothermal magnetization curves measured in magnetic fields of
up to 5 T over a temperature range of 20-200 K with temperature intervals of 10 Kand 5K
far and near to the Curie temperature. The isothermal magnetic entropy change, ASyy, as a
function of magnetic field and temperature is calculated by Maxwell’s equation:

Hy (M
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Figure 4. (a) The isothermal M-H curves, (b) the magnetic field and temperature dependent magnetic
entropy change —ASy; (T, H) curves, (c) the three-dimensional plot of the magnetic entropy change
with respect to magnetic field and temperature, (d) RC and RCP as functions of magnetic field for the
Gd33Co33Al34 microfibers.

Figure 4b,c shows the —ASy; (T, H) curves and their three-dimensional plots, respec-
tively. Obviously, the —ASy; (T, H) curves show a typical broad trigonal peak, and the
maximum magnetic entropy change (—ASy™?¥) is determined to be ~6 ] /kg K for a field
change in (npAH) of 5 T. This value is relatively lower compared to other Gd-based amor-
phous fibers [20], and lower than that of other medium-entropy amorphous microwires,
as indicated in Table 3. This is attributed to the lower effective atomic magnetic moment
(~4.53 up). However, the present research component comprises only 33% of rare earth
Gd by atom fraction. The values of —ASy™® for different magnetic field changes are
also listed in Table 1. Notably, the presently prepared Gd33Co33Alz4 fibers exhibit a large
working temperature range, highlighting excellent cooling efficiency. Generally, the cooling
efficiency can be assessed using refrigerant capacity (RC) or relative cooling power (RCP),
which are, respectively, calculated as follows:

T
RC = [ *—ASy(T)dT, @

Ty
RCP = —ASum(T, H) X 6Tpwam, ®)

where T1 and T are the onset and offset temperatures of the full width at half-maximum
(6TFWEHM), Tespectively.
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Table 1. The maximum magnetic entropy change values of Gds3Coz3Alzy fibers for different external

field changes.
Composition Gd33Co33Al34
woAH (T) 05T 1T 2T 3T 4T 5T
—ASM™™ (J/kg-K) 1.08 1.85 3.10 4.12 5.04 5.90

Table 2 shows the RC and RCP values at different field changes for the Gds3Cos3Al34
fibers, and the corresponding curves are shown in Figure 4d. It can be seen that the
magnetic-field-dependent RC and RCP values of the Gd33Coz3Al34 fibers follow a nearly
linear relationship. At a field of 5 T, the RCP and RC values are calculated to be ~612 J/kg
and ~487 ] /kg, which are comparable with those of other medium entropy microwires,
as seen in Table 3. These good cooling efficiencies are desirable for active magnetic re-
frigeration. This phenomenon can be attributed to the magnetic interactions among the
nanocrystals and between the nanocrystalline and amorphous phases [21,22]. The interac-
tion between the 4f layer electrons of Gd and the 3d layer electrons of Co is also expected to
expand the phase transition range of the fibers [19,23], thus improving the overall cooling
efficiency of the as-cast fibers.

Table 2. RC and RCP values of the Gd33Co033Al34 fibers (]~kg*1).

Parameter 05T 1T 2T 3T 4T 5T
RCP 46.13 106.85 284.67 397.57 507.00 611.72
RC 33.10 77.69 202.78 299.71 394.87 487.38

Table 3. The magnetocaloric performances of rare-based medium entropy alloys for a field change of

5T.
Composition Tc (K) —ASM™™>* (J/kgK)  RC(J/kg)  RCP (J/kg) Ref.
Gd33Co33Al34 96 5.9 487 611 Present work
Hos3Er33Cos, 16 15 527 600 [17]
HO33EI‘33F€34 44 9.5 450 - [24]
DY33H033C034 35 11.2 417 530 [25]

3.3. Analysis of Phase Transition

To confirm the nature of the phase transition in the present fibers, the Arrott plots
of the corresponding M-H curves are analyzed and shown in Figure 5a. All the curves
show a positive slope and the intercepts with the vertical axis are positive when T < T¢;
they are negative when T > T¢, indicating the characteristics of a second order transition
according to Banerjee criterion [26]. In addition, the normalized curves of —ASy-T are
another approach based on a scaling equation for determining the phase transition [25]:

0 — —(T—Tc)/(Tn —Tc) T<Tc ©)
(T-Tc)/(Tp—Tc) T>T¢ '

where T;1 and T;; are the two reference temperatures above and below the T, respectively.
Usually, the two values are defined by:

—ASy(Ty) = —ASy(T) = f x (—AS™ax). )
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Figure 5. (a) Arrott plots of the corresponding M-H curves, (b) the normalized magnetic entropy
change curves, (c) temperature dependence of # for a field change of 5 T for the Gds3Coz3Al34 mi-
crofibers. (d) The temperature dependence of spontaneous magnetization Mspont of the GdzzCozzAlzg
fibers calculated from the Arrott curves of the mean field theory, and the —ASy-M? curve is shown
in its inset.

Here, the value of f is set as 0.5. The normalized —ASy;-T curves for different magnetic
changes are shown in Figure 5b. The good overlapping signifies that the as-cast fibers
undergo a second order transition near the Tc. However, the small deviations that appeared
at low temperature could be attributed to the presence of the nanocrystals embedded in the
amorphous matrix.

The relation between the magnetic entropy changes and the applied field change at
different temperatures is another method for evaluating the phase transition state, which
can be described by:

—ASp x AH", 8)

As shown in Figure 5¢, the local critical exponent 7 is close to 2 at temperatures much
higher than the T¢ but close to 1 below the T¢. This is a typical characteristic of second-
order magnetic materials. It is noteworthy that 7 is equal to 0.721 at the T, surpassing
the mean field theory’s 0.67. This deviation could also be associated with the presence
of the nanocrystalline phase. Despite the presence of nanocrystals embedded within the
amorphous matrix of the as-cast GACoAl microwires, the parameter n remains below 1
when T < Tc. This suggests that the amorphous fraction predominates within the wires. [27].
Therefore, the spontaneous magnetization (Mspont) of the as-cast Gdz3Coz3Alsy fibers in the
ferromagnetic state was analyzed through the Arrott plots and magnetic entropy changes
based on the mean field theory. The magnetic entropy S(c) and applied H can be described
as follows [28]:

h( 2+
S(c) = —=Nkg [In(2] +1) — on ( 21] >_ Bj_l(a)'a . 9)
2771

sinh (3,5

@
<>)
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where N, kp | and B; are the number of spins, Boltzmann constant, spin value and Brillouin
function for a given | value, respectively. ¢ is the reduced magnetization:

o =M/ (gusIN). (10)

From a power expansion of Equation (10), ASy; is proportional to M2. For small values
of M, it can be deduced as follows:

~8(0) = %NW +0(o%), 1)

If we consider only the first term of the expansion, it can be rewritten as follows:

fS(O') = %NkB (0'2 - Uspontz); (12)

Mspont can be obtained by constructing the relationship between —ASy; and M2, and the
results for the Gds3Cos3Als, fibers are displayed in an inset of Figure 5d.

In the mean field theory, all curves in the inset are expected to exhibit equal slopes in
their straight segments under the ferromagnetic state. Although the slopes of the straight-
line segments of the present sample in the ferromagnetic state are similar, there are still
slight differences near the T¢. This discrepancy suggests that the phase transition behavior
of the prepared sample deviates from the mean field theory. Furthermore, the spontaneous
magnetization (Mspont) can be calculated based on the Arrott-Noakes state equation and
mean field theory using Arrott plots. However, the values of Mot calculated from the
Arrott plots and those derived from the constructed —ASM—M2 curves exhibit deviations,
especially near the Tc. This phenomenon indicates that the mean field theory is not entirely
applicable to describe the magnetic behavior near the FM-PM transition for the as-cast
Gdz3Co033Al34 fibers.

4. Conclusions

In summary, a new type of medium entropy Gds3CozzAlzy fibers with nanocrystals
embedded in an amorphous matrix was prepared by the melt-extraction method. The
Curie temperature T¢ of the fibers was determined to be ~96 K and the effective atomic
magnetic moment is ~4.53 yg. The maximum magnetic entropy change —ASy™®* of the
sample for a field change of 5 T is ~6 ] /kg K. The large RCP and RC values achieved are
~612 J/kg and 487 ] /kg, respectively, which are desirable for active magnetic refrigeration.
A detailed analysis of the magnetic behavior near the ferromagnetic to paramagnetic phase
transition reveals some deviation from the mean field theory, arising from the nonuniform
distribution of nanocrystals in the amorphous matrix. Our study provides a new method
for developing novel magnetocaloric materials for magnetic refrigeration in the liquid
nitrogen temperature regime.
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