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We report the formation of a GdigTb1gDy10H010Er10Y10Ni10C010Ag10Al10 denary high entropy metallic
glass (HEMG). The magnetocaloric effect studies show that the denary HEMG possess large magnetic
entropy changes over a wide temperature range, and thus a large refrigerant capacity. Combined with the
simple alloy design of high entropy alloys and atomic level homogeneous single phase nature of metallic
glasses, the magnetocaloric properties of HEMGs can be easily adjusted by changing the elements or

configurational entropy. Our works show that the HEMG is a promising candidate material as the
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Magnetic refrigeration has advantages of both high efficiency
and environmental friendliness compared with conventional gas
refrigeration, demonstrating their promising future [1—4]. The
exploration of magnetic refrigerants with appropriate magneto-
caloric effect (MCE) is the most important issue for practical ap-
plications, e.g. wide phase change temperature range and large
refrigerant capacity. Over the past few decades, a large number of
magnetocaloric materials have been developed [1—-14], among
which the rare earth (RE) based metallic glasses (MGs) have caused
wide interests recently [7—14]. Compared to the crystalline alloys,
RE-based MGs manifest large MCE over a much wider temperature
range, higher electrical resistivity and thus smaller eddy current
heating, high corrosion resistance, and outstanding mechanical
properties, owing to their intrinsic amorphous nature and special
compositions, which makes them suitable candidates for magnetic
refrigerants [7].
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Recently, combination of high-entropy alloys (HEAs) and MGs, a
series of high-entropy metallic glasses (HEMGs) have been devel-
oped, which broke through the design concept of the conventional
metallic glasses with one or two major elements [15—17]. The
HEMGs with strong topological and chemical disorder have some
unique or remarkably improved properties compared with the
normal MGs or HEAs. Significantly, some HEMGs have been certi-
fied to possess distinctive magnetocaloric properties compared to
RE-based MGs [18,19]. However, as one kind of special HEAs, there
are some additional problems required to be investigated. For HEAs,
the configurational entropy (ASconfig), calculated as a function of
alloy composition and the number of constituent elements (N), can
be expressed as 4S.y,5; = RINN. The equi-atomic composition in an
alloy gives the greatest value of ASconfig, Which increases with
increasing N via a formula with a logarithmic function [20]. How-
ever, how the ASconfg affects the MCE of HEMGs is still indistinct. In
addition, it is well known that HEAs possess four core effects: (1)
Thermodynamics: high-entropy effects; (2) Kinetics: sluggish
diffusion; (3) Structures: severe lattice distortion; and (4) Proper-
ties: cocktail effects [21]. One of the problems is if these effects still
exist in high entropy metallic glasses.

In this paper, a novel HEMG with ten equal elements (AScon-
fig = 2.3R) ie. Gd10Tb10DY10H010EI'1()Y]()Ni]oCOmAgmAlw was fabri-
cated. Its thermal, magnetocaloric properties have been studied.
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Compared to other materials, this HEMG exhibits excellent mag-
netocaloric effect.

The ingots with nominal compositions of GdigTb1oDy10-
Ho1Er10Y10Ni10Co10Ag10Al19 were prepared by arc melting pure Gd,
Tb, Dy, Ho, Er, Y, Co, Ni, Ag and Al in a Ti-gettered argon atmosphere.
Then the ingots were remelted and injected onto a spinning Cu
roller to get the HE-MG ribbons. The amorphous nature of the
samples was ascertained by X-ray diffraction (XRD) using a MAC
Mo3 XHF diffractometer with Cu Ko radiation. Thermal analysis
was carried out in a Perkin-Elmer DSC-7 differential scanning
calorimeter (DSC). The temperature and field dependences of the
magnetization were measured using a SQUID magnetometer
(MPMS, Quantum Design). The heat capacity was measured using a
physical properties measurement system (PPMS 6000, Quantum
Design).

Fig. 1 shows XRD pattern (Fig. 1 a) and DSC traces (Fig. 1 b) of the
as-cast Gd1gTb19Dy1oH010Er10Y10NijpCo10Ag10Al10 high entropy
metallic glass ribbon. The XRD patterns show broad diffraction
maxima, indicating the fully amorphous microstructure of the
samples. From the DSC trace, it can be seen that an endothermic
glass transition phenomenon occurs followed by several
exothermic crystallization peaks, certifying the formation of glassy
alloys. The glass transition temperature (Tg), first crystallization
temperature (Tyx;) and supercooled liquid region (ATy = Ty;-Tg) at
the heating rate of 20 K/min are listed in Table 1. Similar to other
HEMGs [18,19], the ATy of the alloy, which is one of the important
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Fig. 1. (a) XRD pattern and (b) DSC trace of the as-cast denary high entropy metallic
glass Gd19Tb1oDy10H010Er10Y10Ni10C010Ag10Al10 ribbon.

parameters in evaluating glass forming ability (GFA), are smaller
than that of the other rare earth based MGs shown in Table 1,
indicating their limited GFA. This may be attributed to the fact that
the best GFA is usually found at or near the eutectic compositions,
but the compositions of the denary HEMG alloy is far from the
eutectic point, despite its high mixing entropy [19]. Surprisingly,
although there are as many as ten elements, the denary HEMG can
form a single amorphous phase, implying high-entropy effect also
exists in the HEMGs. This is not to say that all multi-components in
equal molar ratio can form a single amorphous phase at a high
cooling rate. In fact, only carefully chosen compositions that satisfy
the HEMG formation criteria will form a single amorphous phase
instead of complicated crystalline phases. All these characteristics
of HEMG are very similar to HEAs.

To investigate the magnetic transition behavior of the denary
HEMG, the temperature dependence of the magnetization (M-T)
has been measured, as presented in Fig. 2. The curves were
measured upon heating under a field of 200 Oe. The zero field
cooling (ZFC) curve was cooled in zero field, and the field cooling
(FC) curve was cooled in 200 Oe. In the FC curve, a spin freezing
transition can be observed, while in the ZFC a cusp is observed at
about 15K where a divergence appears between the FC and ZFC
branches, which is a typical spin-glass-like behavior [22]. The
magnetic transition temperature (T¢) calculated from the differ-
entiation of FC curve is 24 K, marked by arrows in the insert of Fig. 2.

The magnetic entropy change (ASy) is usually used to charac-
terize the magnetocaloric effect of the materials. In an isothermal
magnetization process, the total ASy; of the system caused by the
external magnetic field can be derived by integrating the Maxwell
relation over the magnetic field [19]:

Ay (T, H) = HTX (%) . 1)

Hmin

where Hpj, and Hpax represent the initial and final values of
magnetic field, respectively. In this work, Hpijn =0 and Hpax=5T.
To derive the temperature dependence of ASy, the numerical
approximation of the integral for Eq. (1) is applied in this work as
following:

H H
M(Ti H)dH — | M(Ti H)aH
0

T - Tiq

A4Sy (T, H) = J" 2)

By measuring the isothermal M-H curves at various tempera-
tures T; as shown in Fig. 3 (a), the ASy associated with the H
variation can be evaluated according to Eq. (2). Fig. 3 (b) displays
the ASy as the function of the temperature and applied magnetic
field for HEMG. Obviously, the magnetic entropy change decreases
with decreasing field, but the shape of the curves remains
approximately the same. The magnetic entropy change peak value

ASpMk‘ under applied fields of 1—5 T are respectively 2.62 Jkg 'K,

497 kg 'K, 6.91]Jkg 'K, 8.97]kg 'K, and 10.64Jkg 'K,
which are all near T¢c and comparable to that of the most rare earth
based MGs as listed in Table 1. In addition, the adiabatic tempera-
ture change (AT) under a magnetic field variation can be deter-
mined indirectly from the measured magnetization and the
temperature dependence of heat capacity without magnetic field
Co(T): AT(T, H)=T/Co(T)*ASm(T, H) [23]. By this method the AT of
denary HEMG under field changes of 1T, 2T, 3T, 4T and 5T is
shown in Fig. 3 (c), the inset of which shows the temperature
dependence of heat capacity under 0 T. The maximum values of AT
are determined to be 6.66 K, 5.61 K, 4.32 K, 3.11 K and 1.64 K under
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The glass transition temperature Ty, first crystallization temperature Ty, supercooled liquid region AT,, and magnetic transition temperature Tc (or peak temperature Tj,), peak
value of magnetic entropy change NlAS}’Vlf , refrigerant capacity RC under a maximum applied field of 5T for present denary high entropy metallic glass. Data for the recently

developed RE-based MGs and HEMGs are given for comparison.

NO. Composition T, (K) T, (K) AT (K) T, (K) ‘Asm (kg 1K) OTrwam (K) RC (Jkg™ 1) Ref.
1 Gds3Al,4C020Zr3 606 672 66 93 9.4 83 780 [9]
2 GdssNijsAlzg 602 658 56 70 6.12 99 606 [10]
3 Tbe2.5C037.5 536 587 51 925 9.3 64 595 [11]
4 Dy36H020C020Al24 633 687 54 23 9.49 44 417 [12]
5 Ho36DY20Al24C020 553 629 76 17 11.77 38 447 [13]
6 Ers0C020Al24Y6 651 702 51 8 15.91 26 423 [14]
7 GdoH020Er20C020Al20 612 652 40 37 11.2 56 627 [18]
8 Dy20H020Er20C020Al20 632 668 36 18 12.6 37 468 [18]
9 Gd,0ThoDy20C020Al20 594 626 32 58 9.43 67 632 [19]
10 Gda0TbyoDy20NizoAlyo 582 607 25 45 7.25 70 507 [19]
HE Gdy0TbsoDy10H010Er10 597 636 39 29 10.64 50 532 This work
-MG -Y10Ni10C010Ag10Al10
60 Furthermore, the magnetic field dependences of maximum
i —o— ZFC magnetic entropy change and refrigerant capacity for the denary
50 |- ——FC HEMG are investigated. As shown in Fig. 4, the AS’K/’I‘ and RC can be
- expressed as AS{(,’,‘«H”, and RCHN, respectively [26]. The expo-
40 |- I_; nents n and N, controlled by the critical exponents of the alloy
a L E series, can be extracted through fitting the experimental data in
S 30 5 Fig. 4 with the relations. For the HEMG alloy, n =0.87 + 0.01, and
£ I ) N =1.17 £ 0.01, both are about equal to that of other HEMGs [18,19].
o 20 T.=24K The exponents n near the transition temperature for HEMGs
= C deviate from the predicted value (~2/3) near the transition tem-
i 30 60 90 120 150 perature, probably owing to the failure of the mean field picture in
10 |- the critical region [27].
- Cocktail effect is usually used to describe the phenomenon that
0 the unexpected properties of metallic alloys can be obtained after
] 1 ] 1 ] 1 ] 1 ] 1 mixing many elements, which has been subsequently confirmed in
0 30 60 90 120 150 the mechanical and physical properties [28—31]. The cocktail effect
T (K) in magnetocaloric properties is firstly investigated for high entropy

Fig. 2. Temperature dependence of the zero field cooling (ZFC) and field cooling (FC)
magnetization under a magnetic field of 200 Oe for the denary HEMG. The inset pre-
sents the dM/dT versus temperature curves.

field changes of 5T, 4T, 3T, 2T and 1T, respectively. These values
are almost twice as large as Gd-based MG reported in reference 23.

The refrigerant capacity (RC) is another key parameter to char-
acterize the efficiency of magnetic refrigerant, which is propor-
tional to the area under the ASy; versus T curve. The RC in this work
was estimated by taking the direct product of the maximum en-
tropy change and the full width at half-maximum of the peak

(3Tpwhm) [24], RC = ‘Asm x 0Tpwhm- The RC value for the denary

HEMG is determined to be 532 Jkg™\. This value is much larger than
that of the GdsSiGe, (305 Jkg™) [3] and GdsSi»Ges gFeg (360 Jkg™)
[4], indicating the better refrigerant efficiency of the HEMG. The
high RC should be attributed to the large ASy and the particular
glassy structure which extends the large ASy to a wider tempera-
ture range, which could be ascribed to the combination of the spin
glass behavior and complicated compositions in this HEMG. In
spin-glass phase, moments are frozen into equilibrium orienta-
tions, but there is no long-range order [25], which makes it more
difficult to be frozen than the ferromagnetic materials. Therefore,
the spin glass and complicated compositions of the HEMG can
widen the magnetic transition temperature range, which will
broaden the ASy; peaks and thus increase the value of RC. The large
magnetic entropy change and excellent refrigerant capacity,
combining the intrinsic nature of MGs, may promote the practical
applications of the HEMG as a kind of magnetic refrigerant.

, RC and

peak temperature (Tp, near the magnetic transition temperature)
for the present HEMG and the other metallic glasses listed in

Table 1. Obviously, it can seen that the ‘AS}\’,}( , RC and Tp of the

denary HEMG are different from that of rare earth (Gd, Tb, Dy, Ho,
Er) based metallic glasses and reported HEMGs with five equal el-
ements (AS¢opr = 1.6R). It means that the magnetocaloric properties
can be easily adjusted by the composition change, changing the
elements or the configurational entropy. However, the magneto-
caloric properties of denary HEMG are not unexpected, which
means there is not distinct cocktail effect in magnetocloric HEMGs.
HEMG design is the simplest among those for metallic materials.
Specifically, as few as two factors, element number N and equi-
atomicity, are required in alloy design. Due to the absence of
crystalline phase, metallic glasses can be considered to be atomic
level homogeneous single phase. Therefore, according to the

, AT, RC

and Tp), one can chose elements of different types and quantities to
prepare high entropy metallic glasses used as magnetic
refrigerants.

In summary, the large magnetic entropy change and excellent
refrigerant capacity have been obtained in Gd1¢Tb9Dy10H010Er10-
Y10Ni;pCo10Ag10Al19p high entropy metallic glass. The magnetic
transition of the HRMG shows a spin glass behavior. The spin glass
transition and large configurational entropy (ASconfig = 2.3R) make
the HEMG possess a large magnetocaloric effect over a much wider

, AT and RC under an applied field of

metallic glass. Fig. 5 shows the comparison of the ‘ASR,}‘

required magnetocaloric properties (including the ’AS}’V}‘

pk
temperature range. Its ‘ASM
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Fig. 3. (a) Isothermal magnetization curves, (b) Magnetic entropy changes and (c)
Adiabatic temperature changes as a function of temperature under a maximum applied
field of 1T, 2T, 3 T, 4T and 5T for the denary HEMG measured at temperatures between
5 and 85 K. Temperature intervals of 3 K and 10 K were selected for the regions 5—-35K
and 35—85K, respectively. The inset shows the temperature dependence of heat ca-
pacity under OT.

5T can reach 10.64Jkg 'K, 6.66 K and 532]kg!, respectively,
which are comparable to rare earth based MGs. Combined with the
simple alloy design of HEAs and atomic level homogeneous single

phase nature of MGs, the ‘AS,‘\’/I,‘ , AT, RC and Tp of HEMG can be
easily adjusted by changing the elements or configurational
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Fig. 4. Magnetic field dependence of the maximum magnetic entropy change (‘ASR,H,
red line), and refrigerant capacity (RC, blue line) for the denary HEMG. The solid curves
are fitting results of ASpMk ocaH™ and RCo< AHN, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. The compositions of (a) maximum magnetic entropy change (‘ASR,}‘ ), and (b)
refrigerant capacity (RC) for the denary HEMG and other metallic glasses listed in
Table 1.
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entropy. All of the above characteristics make the HEMG a prom-
ising candidate as magnetic refrigerants.
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