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Microwires of GdagH020Er20AlogTMoo (TM = Fe, Co and Ni) high-entropy metallic glasses (HE-MGs) are suc-
cessfully fabricated by a melt-extraction method, which exhibit good magnetocaloric properties. The maximum
magnetic entropy change and refrigerant capacity under 5T of the GdyoH020Er20Al20C029 HE-MG microwire can
reach 10.2Jkg 'K~ ! and 625Jkg~?, respectively. In addition, the magnetocaloric properties of the HE-MG
microwires can be widely tuned by doping different transition metals. The HE-MG microwires combining high

heat-exchange efficiency and excellent mechanical properties are attractive candidates for applications in

magnetic refrigeration.

Compared with conventional gas refrigerants, magnetic refrigerants
based on a magnetocaloric effect (MCE) exhibit better properties, such
as higher efficiency and better environmental friendliness [1-5]. In the
past decades, many crystalline materials, such as Gd, GdsSi,Ge, (at. %)
and LaFe;; 4Si; 6, were developed, and demonstrated their potentials
for an application as magnetic refrigerants [1-16]. Metallic glasses
(MGs), as a kind of second-order magnetic phase transition materials,
manifest a large MCE in a wide temperature range owing to their
amorphous nature. Furthermore, MGs also exhibit a high electrical re-
sistivity (meaning a small eddy current heating), a high corrosion re-
sistance, outstanding mechanical properties, and a high thermal stabi-
lity, which are suitable for the application in the magnetic refrigeration.
Recently, high-entropy MGs (HE-MGs) are successfully synthesized
[6-9]. Different from the conventional MGs that are usually composed
of one or two major elements, the HE-MGs are composed of several
elements with equimolar concentrations [6-9]. Due to a strong topo-
logical and chemical disorder structure, HE-MGs usually exhibit a large
magnetic entropy change (ASy;), and refrigerant capacity (RC), and thus
are promising candidates for the magnetic refrigeration [10-12].

Usually, good magnetic refrigerants, working as both cooling agent,
and regenerator medium, are expected to possess a large ASy; value and
a good capability of heat exchange [13]. To obtain an efficient heat
transfer, the magnetic refrigerants must have a high surface area. In this
case, decreasing the geometric size of the regenerative substance to be
micrometer scale, such as micro-sized spherical particles, thin plates or
wires, is favourable for the refrigerate properties. Recently, the MCE of
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MGs in the forms of bulk [14,15], ribbon [16,17], powder [18,19] and
wire [20-23] were extensively studied. Significantly, the MG micro-
wires exhibit better MCE [20-23] compared with their bulk and ribbon
counterparts, which are mainly attributed to their better adaptability
and higher heat-exchange efficiency. Magnetocaloric materials with a
diameter of 50-200pum (the corresponding surface area is about
10,000-40,000 m?/m?) exhibit a good heat-transfer capability under an
operating frequency of 1 Hz [24,25]. Furthermore, compared with the
spherical and plate shapes, the long wires have a negligible demagne-
tization factor when the magnetic field is applied along the wire di-
rection [26]. Thus, micro-sized wires with the good MCE are desired to
improve the efficiency of magnetic refrigeration system.

In this work, Gd,oHo050Ers0Al,0TM5o (TM = Fe, Co and Ni) HE-MG
microwires are fabricated successfully by a melt-extraction method, as
schematically shown in Fig. 1a. The effect of component, temperature
and magnetic field on the magnetic-transition temperature, the mag-
netic-entropy change, and the refrigerant capacity are investigated. The
results show the HE-MG microwires are suitable candidates for the
magnetic refrigerants.

The optical image (Fig. 1b), and SEM images (Fig. 1c, d, e) of the
GdyoHo59Ers0Aly0TMog microwires show that the HE-MG microwires
have a diameter of about 60 um, and a length of several centimetres.
Their amorphous structures are confirmed by XRD patterns and DSC
traces, as shown in Fig. 2. From the DSC traces, it can be seen that an
endothermic glass transition occurs followed by several exothermic
crystallization peaks for each alloy, indicating the formation of glassy
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Fig. 1. Experimental setup. (a) The schematic illustration of melt extraction technique, (b) the optical image, and (c), (d), (e) the SEM images of HE-MG microwires.
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Fig. 2. Structure and thermal properties of GdoH020Er20Al20TM2o (TM = Fe, Co and Ni)

HE-MG microwires. (a) XRD patterns and (b) DSC traces of HE-MG microwires. The inset
shows the magnified DSC trace of GdaoH020Era0AlxgFeso.
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phase. The XRD patterns show a broad diffraction maximum and no
sharp Bragg peaks from crystalline phases, which further confirm the
amorphous structure. The glass-transition temperature (Ty), first crys-
tallization temperature (T,) and supercooled-liquid region (ATy = Ty -
Tg) are listed in Table 1. A large AT, value suggests a good glass-
forming ability (GFA) [27]. The AT, values of these alloys are smaller
than those of other rare-earth based MGs, as shown in Table 1, in-
dicating their poor GFA. This may be attributed to the compositions of
these HE-MG microwires are deviated from the eutectic points despite
their high mixing entropy [10].

The temperature dependence of the magnetization for the HE-MG
microwires is measured upon heating under a field of 200 Oe, as shown
in Fig. 3a. A spin-freezing transition can be observed in the field cooling
(FC) curve. A cusp exists in the zero field cooling (ZFC) curve at the
same temperature. The divergence between the FC and ZFC curves is a
typical spin-glass-like behavior [28]. The sample of TM = Fe has the
widest magnetic-transition temperature (T¢) range among all samples.
The T¢ values calculated from the differentiation of the FC curves are
55, 39 and 25K, for the samples of TM = Fe, Co and Ni, respectively, as
marked by arrows in the insert of Fig. 3a. Evidently, the T¢ value de-
creases rapidly when TM changes from Fe to Ni. The increase of 3d
electrons from Fe (3d®) to Ni (3d®) weakens the magnetic interactions
that are dominated by the 3d-electron exchange, and then reduces the
exchange energy and the T¢ value of the alloys. It is evident that the T¢
value can be tuned easily in a large temperature range by alloying
different elements in the HE-MG microwire.

To characterize the magnetocaloric effect of these microwires, the
ASy values are calculated based on the isothermal-magnetization (M-H)
curves in a wide temperature range under different external magnetic
fields ranged from O to 5 T, as shown in Fig. 3b. In an isothermal process
of magnetization, the total ASy; value of the system caused by a mag-
netic field (H) can be calculated based on the isothermal M-H curves at
various temperatures (T;) using the equation [10],

S M (@, H)dH= [ M (T, H)dH

ASy (T, H) = .
M T—Tis m

Fig. 4a displays the ASy value as a function of the temperature
under the magnetic fields of 1, 2, 3, 4 and 5T for the
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Properties of the HE-MG microwires developed in this work, and from the reported MGs: the glass transition temperature (Ty), first crystallization temperature (Ty), supercooled liquid
region (AT,), magnetic transition temperature (Tc), peak value of the magnetic entropy change (| AS,E'[k ), full width at half-maximum of the ASy, peak (§Trwum), and refrigerant capacity

(RC) under a field of 5T.

Composition Form Tg (K) Tx (K) ATx (K) TC (K) | Asl\;}lkl (kg 'K STewnm (K) RC (Jkg™h) Ref.
GdyoHo,0Er,0Al,, Fe o wire 577 631 54 55 5.1 88 446 This work
GdzoHo20Er20Alg Co 29 wire 610 647 37 39 10.2 61 625 This work
GdyoHo20Ers0Alsg Ni o9 wire 636 669 33 25 9.5 54 511 This work
Ho20Er20C020Al20Gd20 bulk 612 652 40 37 11.2 56 627 [10]
Ho20Er20C020Al20Dy20 bulk 632 668 36 18 12.6 37 468 [10]
H020Er20C020Al20Tmag bulk 648 680 32 9 15.0 25 375 [10]
(Hoo 3Erg.7)s5Al27.5C017.5 bulk 658 721 63 10 8.55 19 162.4 [14]
Gds3Al54C020Zr3 bulk 599 653 54 93 9.4 63 590 [15]
GdgoAloCos0 wire 574 600 26 109 10.1 91 681 [20]
GdssAl50C025 wire 585 637 52 110 9.7 83 580 [25]

GdooHo50Er0Al50Cos0 HE-MG microwire. Fig. 4b shows the ASy; value
as a function of the temperature for the GdygHo20Ers0Aly0TMy, mi-
crowires. The ASy; value reaches the peak value near T.. The peak
values of the magnetic-entropy change (IASI‘\’fl) for the samples at the
external field of 5T reach 5.1 Jkg 'K~! (TM = Fe), 10.2Jkg 'K~ !
(TM = Co) and 9.5J kgfle1 (TM = Ni), respectively. These values
are already comparable to those of the good magnetocaloric crystalline
materials, and apparently larger than those of the rare-earth based MGs,
as listed in Table 1. It can be seen that the temperature, and the ASy,
peak value can be tuned by changing the rare-earth elements. The peak
of the ASy; value as the function of the temperature shows a severely
asymmetrical distribution. With increasing temperature, below T¢, the
ASy value rapidly increases to the peak value, and then gradually de-
creases. This is because the hysteresis is larger below T than that above
Tc which derives from the strong random-magnetic anisotropy [29].
Another reason is the exchange-interaction frustration associated with
the spin-glass frozen behavior due to the disorder structure below Tc.
Because of spin rotating with the applied external field, the ASy; value
becomes very small.

Regarding that the Arrott plot can be used to identify the order of
the magnetic-phase transition [2], the slope of M? vs. H/M curves can
reflect the state of magnetic-phase transition, i.e., the negative slop
corresponding to the first-order transition, and the positive slope cor-
responding to the second-order transition. In Fig. 3c, the positive slopes
of the Arrott plots for the HE-MG microwires denote a second-order
magnetic transition (SOMT) [30,31]. Furthermore, Franco method
(ASy «x H") is also introduced to demonstrate SOMT of these alloys
[32-34]. The n values are 0.92, 0.85 and 1.46 at temperatures of below,
near, and above T¢, respectively, which can be comparable to the
suggested values from the Franco method, and thus confirms their
SOMT. The SOMT with gradual and continuous magnetization variation
near T¢, exhibiting broad ASy; value peaks without the thermal and
magnetic hysteresis, is currently considered to be the optimal property
for the magnetic refrigerants.

The RC is another important parameter to characterize the effi-
ciency of magnetic refrigerants. The RC value in this work is estimated
based on the IASﬂ‘l, and the full width at half-maximum of the peak,
8Trwrm [5]

RCrwim = |ASS| X 8Tiwian,

(2)
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The RCgwywm for the samples of TM = Fe, Co and Ni are determined
to be 426, 625 and 511J kg’l, respectively. Interestingly, the RCrwum
value of the GdoH050Ers0Al,0Cos9 HE-MG microwire is equal to the
value of the bulk counterpart (627J kg’l) [10]. The
GdyoHoo0Ers0Al50Co09 HE-MG microwire has the lower IAS,F,’[k\ and
larger 8 Trwr Values as compared to its bulk counterparts. Because the
microwire has larger cooling speed during the preparation process as
compared to the case in the bulk counterpart, the more irregular
structure can widen the magnetic-transition temperature range, which
is beneficial to its application in the magnetic refrigerators.

The |ASEY,  8Tpwum and  RCpwpy values of  the
GdaoHo50Er20Al0TM,o HE-MG microwire are shown in Fig. 5. The
sample of TM = Co has the largest [AS{¥| value under the applied field
from 1 to 5 T. It is notable that all these alloys have much larger 8 Trwum
values than the values of other alloys listed in Table 1. The sample of
TM = Fe has the largest 8 Trwim value of 88 K. The high 8 Trwim value
is ascribed to the spin glass transition, and the complicated composi-
tions in these HE-MG microwires [10]. The complicated compositions
that deviate from the eutectic points, and the high mixing entropy may
cause the microstructure heterogeneity, and the fluctuation of the ex-
change integral of MGs [15], which leads to the magnetic-transition
temperature range to be widened. According to the mean-field theory,
the |ASEF| and RC values can be approximately expressed as power-law
relations, i.e., ASI\‘,’Ikl o« H™ and RC  HN [35]. The exponents, n and N,
dominated by the critical exponents of the alloys, can be extracted from
fitting the experimental data in Fig. 5a and c based on the above power-
law relations. For the sample of TM = Fe: n = 0.94, and N = 1.02; the
sample of TM = Co: n = 0.83, and N = 1.09; the sample of TM = Ni:
n = 0.95, and N = 1.37. It is apparent that the GdsoH050Er0Al50C020
HE-MG microwire has the largest n and N, which means that the |AS£Ik|
and RCrwpm values of this HE-MG microwire can increase most rapidly
with increasing the magnetic field in three HE-MG microwires. There-
fore, if the high magnetic field was taken into consideration, the
GdooHo5Er0Al50Coo0 HE-MG microwire could possess the best mag-
netocaloric properties, and accordingly is the most suitable for the
magnetic refrigerant in the current three HE-MG microwires.

In summary, the GdyoH0,0Ers0AlooTMoy HE-MG microwires are
fabricated successfully. These microwires exhibit the second-order
magnetic-phase transition with good magnetocaloric properties. The
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of (b) 1, 2, 3, 4 and 5T for GdygHo20Er0Al50C029 HE-MG microwires, and (¢) 5T for
GdyoH0,0Era0Aly0TMyo (TM = Fe, Co and Ni) HE-MG microwires.

IASlSIkI and RCpwuwm values can reach 10.2J kg_lK_1 and 625J kg_1
under 5T, respectively, which are significantly larger than those of
most rare-earth based MGs. The magnetic-transition temperature can be
tuned from 25 to 55K by alloying different transition elements.
Compared with the bulk counterpart, the microwire has a larger
8Trwum value. Therefore, combined with high heat-exchange efficiency
of micro-sized wire, the HE-MG microwires are excellent candidates for
the magnetic refrigerants.
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Zhejiang Provincial Natural Science Foundation of China (Grant No.
LY17E010005, LR18E010002).
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