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In this work, Fe,;5C025NizsMosP1oB1o high-entropy bulk metallic glass (HE-BMG) with a maximum diameter of
1.2mm is prepared by combining fluxing treatment and J-quenching technique. The magnetocaloric effect and
the “high-entropy effect” on the magnetocaloric properties of the present Feo5Co25NissMosP1oB1o HE-BMG have
been investigated. The Curie temperature of the present Fe;5C0.5NizsMosP1oB1o HE-BMG is 560 K, the peak
value of the magnetic entropy change and the refrigerant capacity are 0.80 Jkg ™! K~ ! and 135.4 Jkg ™! under

the applied field of 1.5T, 1.88Jkg™ ' K™! and 310.2Jkg™' under the applied field of 5T, respectively.
Compared with other transition metal-based BMGs, the present Fe,5C025NizsMosP10B1o HE-BMG does not ex-
hibit a relatively larger magnetic entropy change but a much wider full width at half maximum temperature of
the magnetic entropy change curve, thus a larger refrigerant capacity.

1. Introduction

The development of magnetic refrigeration materials with excellent
magnetocaloric performance is a key issue of magnetic refrigeration
technology. Amorphous alloy is a new type of metal material, its atomic
arrangement structure is long-range disorder, with no grain and grain
boundaries [1]. In recent years, many studies have shown that amor-
phous alloys exhibit unique advantages in magnetic refrigeration.
Firstly, amorphous materials with secondary phase transitions have
greater stability in the refrigeration cycle than traditional crystalline
materials [2]. Secondly, the disordered structure of the amorphous
alloy results in a smaller thermal conductivity and a high electrical
resistance, which is advantageous for reducing heat conduction and
eddy current loss during magnetic refrigeration [3]. Finally, due to the
disordered amorphous structure, its magnetic transition has a wide
temperature range, so it has a large cooling capacity [4].

High-entropy alloy (HEA) is a new type of alloy, which contains five
or more main elements in equal or near-equal atomic percent ranging
from 5 to 35 at.% [5]. Because of their multiple compositions, com-
plicated microstructures, and adjustable properties, HEA had attracted
increasing research interests in both fundamental sciences and en-
gineering applications [6-10]. Further, due to the unique topology and
chemical chaotic structure, high-entropy bulk metallic glasses (HE-
BMGs) exhibit many excellent properties compared with ordinary bulk
metallic glasses (BMGs) and high-entropy alloys (HEAs).
Zl'lz()Caz()SronbQO(Lio'ssMgov‘;s)zo [11] and SrCaYbLlMan [12] HE-
BMGs exhibit ultra-low glass transition temperature and significant
uniform plastic deformation at room temperature.
CagoMga0ZnasgSragYbog HE-BMG has better mechanical properties and
corrosion resistance. Compared with CaMgZn BMGs, and thus is more
suitable for biomedicine [9]. However, so far little research has been
done on the magnetic properties, especially magnetocaloric properties,
of high-entropy bulk metallic glasses. Magnetic refrigeration tech-
nology is based on the magnetocaloric effect of magnetic refrigerant
materials. The magnetocaloric effect is closely related to the magnetic
entropy and lattice entropy of the material [13]. Therefore, it will be a
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worthy and interesting topic whether the high-configuration entropy
has a significant contribution to the magnetocaloric properties of HE-
BMG. Until now, the relevant research has only been done on the rare
earth (RE)-based HE-BMGs [14,15]. Compared with RE-based BMGs,
transition metal (TM = Fe, Co and Ni) based BMGs have unique ad-
vantages in application of magnetic refrigeration due to the excellent
magnetocaloric properties and relatively low cost [16]. In this work, a
novel TM-based HE-BMG of Fe,5C055NissMosPqoB1o has been prepared.
The magnetocaloric effect of the present Fe,5C05NizsMosP1oB1o HE-
BMG is investigated and high entropy effect on its magnetocaloric
properties is explored.

2. Experimental

FessCoo5NissMosP1gB1o alloy ingot was prepared from Fe powder
(99.9% pure), Co powder (99.9% pure), Ni powder (99.7% pure), FesP
powder (99.5% pure), Mo powder (99.7% pure) and B piece (99.9%
pure). After the right proportion was weighed, they were put in a clean
fused silica tube and alloying was brought about by torch under a high-
purity Ar atmosphere. All the as-prepared alloy ingots had a mass of
1-2 g. Subsequently, the as-prepared alloy ingot was fluxed in a fluxing
agent composed of B,O3 and CaO with the mass ratio of 3:1 at an
elevated temperature under a vacuum of ~50 Pa for 4 h. After fluxed
treatment, the alloy ingots were cooling down to ambient temperature
and then subjected to J-quenching technique. As a result,
Fey5C055NissMosPgB o alloy rods with a diameter of 1-1.2 mm and a
length of 5-8 cm had been prepared.

The amorphous nature of the as-prepared samples was confirmed by
X-ray diffractometer (XRD, Bruker D8 Advance). The thermal behavior
of the as-prepared specimens was examined by differential scanning
calorimetry (DSC, NETZSCH DSC 404F1) at a heating rate of 0.33K/s
under an Ar atmosphere. The magnetocaloric properties of the samples
were measured by using a SQUID magnetometer (SQUID, MPMS XL-7).
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Fig. 1. XRD (inset) and DSC curves of the as-prepared Fe;5C025NiosMosP1oB;1o HE-BMG.

3. Results and discussion

Fig. 1 shows the XRD pattern and DSC curve of as-prepared
Feos5C025NissMosP1oB1o high-entropy alloy rod with a diameter of
1.2mm. The XRD pattern of the sample shows a typical diffuse peak
and no sharp crystalline peaks, indicating the fully glassy phase for-
mation. The DSC curve of the sample shows a clear glass transition,
followed by an extended supercooled liquid region and a multi-stage
crystallization process as the temperature increases. The value of the
glass transition temperature (T), the crystallization temperature (T),
the supercooled liquid region (AT = T, — T,) and the total crystal-
lization enthalpy (AH) of the sample are 681K, 723K, 42K and
180.2 J/g, respectively. The DSC result further confirms the fully glassy
structure of the present sample. Noticeably, the ATy of the alloy, one of
the important parameters in evaluating glass forming ability (GFA), are
larger than that of the reported HE-BMGs [14,15], indicating their good
GFA.

Fig. 2 shows the temperature dependence of the magnetization
curves of the FeysCoo5NizssMosP1oB1g HE-BMG under 0.02T. By de-
riving the M-T curve to obtain the dM/dT — T curve shown in the inset
of Fig. 2, the Curie temperature (T¢) of the sample can be determined to
be 560 K. Fig. 3 shows the isothermal magnetization curves of the
Fey5C025NiasMosPoB1g HE-BMG under various applied fields up to 5T

in the temperature range of 430-650 K, in which the test temperature
interval is 5 K near the Curie temperature and 10 K away from the Curie
temperature. It can be seen that the magnetization of the sample
achieves saturation at low applied magnetic fields when the test tem-
perature is below T, while the M-H curves of the sample become linear
when the test temperature is near and above T¢, indicating the transi-
tions from ferromagnetic state to paramagnetic state. The magnetic
entropy change (ASy;), which is usually used to characterize the mag-
netocaloric effect of the materials, can be calculated from magnetiza-
tion isotherms using the Maxwell relation [17]:

ASy(T, H) = fOH“‘""‘ (aﬁ) dH
H

oT (@)

where Hp,., is the maximum applied field. In fact, ASy, is usually cal-
culated based on the following alternative equation [17]:
S M@ HYAH = [ M (T, HYdH

ASy (T, H) =
M T — T 2

Fig. 4 shows the temperature dependence of —ASy; of the
Fey5C025NinsMosP1oB1g HE-BMG under 1-5T calculated by Eq. (2). It
can be determined from Fig. 4 that the peak value (AS{?)) and the full
width at half maximum (ATpwew) of the |ASy| peak are 0.80Jkg ™!
K~ ! and 169K under the applied magnetic field of 1.5T, 1.88 Jkg ™!
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Fig. 2. Temperature dependence of the magnetization and dM/dT versus temperature curves for Fe,5C0,5NissMosP10B1o HE-BMG under 0.02 T.
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Fig. 3. Isothermal magnetization curves of Fe,5C0,5NissMosP1oB1o HE-BMG measured in the temperature range from 430 K to 650 K.
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Fig. 4. Magnetic entropy changes as a function of temperature under the applied magnetic field of 1-5T for the present Fe,5C0,5NizsMosP;0B1o HE-BMG.

Table 1
Magnetocaloric properties of the present Fe,sCos5NiasMosP10B1g HE-BMG and some selected transition metal-based BMGs at the different applied magnetic field.
s -1 1y -1
Composition (at.%) Tc (K) | Asl&eak‘ kg K™Y RCU kg™ ) ATpwum (J kg7 K™ Ref.
15T 2T 5T 15T 2T 5T 5T

FegoP13Cy 579 2.20 2.7 5.05 125.6 170.1 479.8 95 [16]
Fe;oGd;B1oCrg 355 1.42 3.59 153 627 [25]
Fe;;TazB10ZroCuy 313 1.04 2.03 92.2 241.5 [23]
FeggMn;4P10B,C3 319 0.91 1.12 99.84 134.3 [27]
Co71MogP; 4Bg 317 0.37 0.47 0.96 33.0 41.3 70.5 72.9 [24]
Cog2NbgZr,B3g 210 0.36 [28]
Fey5C025NissMosPqoB1o 560 0.80 0.98 1.88 135.4 169.9 310.2 165 present

K~ ! and 165K under the applied magnetic field of 5T, respectively.
The refrigeration capacity (RC) is another relevant parameter to char-
acterize the efficiency of magnetic refrigerant. The RC corresponds to
the area of the —ASy curve and can be simply estimated by multiplying
the 1ASE and ATpwywm of the —ASy curve. So, the RC of the
Fe,5C045NigsMosP1oB1o HE-BMG can be estimated to be 135.4 Jkg™!
and 310.2Jkg™! under the applied magnetic field of 1.5T and 5T,
respectively. Table 1 lists the magnetocaloric properties of the present
Fe,5C025NizsMosP,oB1g HE-BMG and some selected transition metal-
based BMGs under different applied magnetic fields. Compared with
other TM-based BMGs, the magnetocaloric properties of the present

Feys5C095NissMosP1gB1o HE-BMG are not outstanding. The value of
IASES¥| of the present Fe,s5C045NipsMosP;oB1o HE-BMG is higher than
that of Co-based BMGs, but lower than that of Fe-based BMGs.

It is known that the value of IASEF™¥| of an alloy is proportional to its
saturation magnetization (Js) [26]. The plot of Js against IASISIeakI under
the applied magnetic field of 1.5T of the present
Fey5C025NisMosP1oB1g HE-BMG together with several selected TM-
based BMGs is shown in Fig. 5. The data points corresponding to these
transition metal-based BMGs in Fig. 6 are linearly fitted by the least
squares method and the R-square of the fitted straight line is 0.936,
indicating a good linear relationship between the J; and IASE™. The
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Fig. 5. Plot of saturation magnetization against IASE=*

applied magnetic field of 1.5T [16,23,29,30].

Saturation Magnetization (emu/g)

lof the present Fe,s5C025NiasMosP10B1o HE-BMG and several selected transition metal-based BMGs under the

18
16 |EFCoaAYs Ret 18 (a)
14 |-
Dy, Ho,,Co, AL, [Ref.19]
— 12 Gd,, b, DY, C0,Al, [Ref.15]
X gl - YA L2 [Ret21]
[} L]
x
2 8r @ Tb, Co, Al [Ref.22]
§§ 6 | @ Gd_Ni, Al,, [Ref.20] Fe,P,.C,[Ref.16]
%) °
a 4l
Fe, Ta,B,Zr,Cu, [Ref.23] The present HE-BMG
2+ L ] °
ol Co,,Mo,P, B, [Ref.24]
1 1 1 1 1 1 1
0 100 200 300 400 500 600
Te (K)
800 | G, Al, Co,Zr, [Ref.21] (b)
700 |-
.GdonbzoDyzocozaAlzo[Ref-1 5] F(:ng’ B’ZCFB [Ref.25)
600 - ®Gd,Ni Al [Ref20]
500 L ErCo, ALY, [Ref.18] Fe,,P,.C,[Ref.16
< °
‘o & o DYsHonC0, Al [Ro119
S 400 -
(&) ™ 3 | [Ref22) The present HE-BMG
er..
o 300 | = COufls Fe, Ta,B,2r,Cu,Ref.23] °
L]
200 |-
100 |- Co, Mo.P, By [Ref.24]
0 1 1 1 1 1 1 1
0 100 200 300 400 500 600
Te (K)

Fig. 6. The relationship between the Curie temperature (Tc) and the magnetic entropy change (IAS;

of 5T of some typical magnetocaloric amorphous alloys [15,16,18-24].

present Fe;s5Co5NizssMosP1oB1g HE-BMG also follows this linear re-
lationship, which seems to suggest that the high entropy effect does not
contribute to the IASE™*| of metallic glasses. However, it can be found
from Table 1 that the present Fe;sCosNissMosP;oB1g HE-BMG has a

peak
M

1) (a) and refrigeration capacity (RC) (b) under a magnetic field

much larger ATrwym compared to the other transition metal-based
BMGs, indicating that the high entropy effect may widen the magnetic
transition temperature range of the present transition metal-based HE-
BMG. This feature had also been found in Gd-Tb-Dy-Al-M (M = Fe, Co,



Ni) high-entropy amorphous alloys, in which the authors attribute this
result to the amorphous spin glass behavior and the complex compo-
sition of high-entropy amorphous alloys [15]. So, although the high
entropy effect has no positive effect on the value of the, it leads to a
wide ATgwphwm, thus a high RC of the present Fe,5Co25NizssMosP1oB1g
IASEF*HE-BMG as shown in Table 1.

Fig. 6 shows the IAS{F™| and RC as a function of Tc under a magnetic
field of 5T of some typical RE-based and TM-based magnetocaloric
amorphous alloys. It is seen that the present Fe;5C0,5NiasMosP1oB1g
HE-BMG has larger values of IASJF™| and RC among TM-based amor-
phous alloys. Compared with TM-based amorphous alloys, RE-based
amorphous alloys exhibit the larger values of IASEF™¥| and RC. However,
RE-based amorphous alloys generally have the very low Tc, and thus is
only suitable for low temperature magnetic refrigeration. The present
Feo5C025NinsMosP1oB1o HE-BMG exhibits a high magnetic transition
temperature, which has potential to be used as room-temperature
magnetocaloric materials through composition tuning. Room-tempera-
ture magnetocaloric materials can be used for domestic refrigerators,
air conditions and other refrigeration devices, and thus has great
practical value and research significance.

4. Conclusion

The Fey5C055NizsMosPqoBro HE-BMG with a maximum diameter of
1.2mm has been prepared by combining fluxing treatment and J-
quenching technique. The Curie temperature of the present
Fe,5C025NissMosP; 0B o HE-BMG is 560 K. The values of IASE¥| and RC
of the present Fe,sC0,5NipsMosP1oB1o HE-BMG are 0.801 Jkg™! K™*!
and 135.37 Jkg ! under 1.5T, and 1.88 Jkg ' K~ ! and 310.20 Jkg ™!
under 5T, respectively. Our results suggest that the high entropy effect
seems to have little effect on the value of IASE?™, but obviously
broadens the ATrwrm of the ASy peak, thus resulting in a higher re-
frigeration capacity of the present Fe,5C025NizsMosP10B1o HE-BMG.
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