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Co71Mo9P14B6 bulk glassy rod with a maximum diameter of 4.5 mm is fabricated by combining fluxing
treatment and J-quenching technique, and its magnetocaloric effect (MCE) has been investigated in the
present work. The peak values of the magnetic entropy change and refrigerant capacity of the
Co71Mo9P14B6 bulk metallic glass (BMG) are 0.96 J kg�1 K�1 and 70.5 J kg�1, respectively, under a maxi-
mum applied field of 5 T. Most importantly, this BMG exhibits a Curie temperature of 317 K, which is
suitable for room-temperature magnetic refrigeration. Combining the large glass-forming ability and
near room-temperature MCE, the present Co71Mo9P14B6 BMG provides a candidate used as near room-
temperature magnetic refrigerant.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Compared with conventional gas compression/expansion
refrigeration, magnetic refrigeration based on magnetocaloric
effect (MCE) has attracted more attention for energy-efficient,
environmentally friendly technological applications [1]. Up to
now, the study of magnetic refrigeration materials has been mainly
focused on crystalline intermetallic compounds, such as Gd5Si2Ge2
[2], LaFe11.4Si1.6 [3], La-Ca-Mn-O [4], Ni-Mn-Sn [5], Mn-Fe-P-As [6].
They displayed giant MCE originating from the first order
magneto-structural phase transition (FOMT). However, FOMT
materials exhibit large hysteresis losses and mechanical instability
upon magnetic field reversal, which limit their application of mag-
netic refrigeration [2]. Based on this reason, amorphous magne-
tocaloric materials with the second order magneto-structural
phase transition (SOMT) are considered as alternative materials.
SOMT materials show no structural transition at the Curie temper-
ature (TC), negligible hysteresis and broader operating temperature
range. Furthermore, the disordered structure on an atomic scale of
amorphous alloys reduces thermal conductivity and keeps a higher
electrical resistivity, which is benefit to minimize the thermal con-
duction and eddy current losses [7]. Therefore, amorphous alloys
are considered to be the optimal candidates for magnetic
refrigeration materials. Amorphous alloys used for magnetic refrig-
eration can be divided into two classes, namely, RE-based and
TM-based amorphous alloys. RE-based amorphous alloys exhibit
the large magnetic entropy change DSM and the extremely low
TC, which is suitable for low temperature magnetic refrigeration
[8–10]. Compared with RE-based amorphous alloys, TM-based
amorphous alloys generally exhibit low value of DSM. However,
TM-based amorphous alloys show lower materials cost and higher
corrosion resistance regarding to RE-based metals. More impor-
tantly, TM-based amorphous alloys have generally a high magnetic
transition temperature, which can be easily tuned to be near room-
temperature [11]. Room-temperature magnetocaloric materials
can be used for domestic refrigerators, air conditions and other
refrigeration devices, and thus has great practical value and
research significance.

The recent study on the MCE of TM-based amorphous alloys is
mainly focused on Fe-based amorphous alloys and there are few
works on the MCE of Co-based amorphous alloys. Additionally, at
present the study on the MCE of amorphous alloys is mainly
focused on amorphous ribbons. However, bulk metallic glasses
(BMGs) can be made into the final required shapes to achieve max-
imize efficient heat transfer between magnetic refrigerants and
heat-exchange medium regarding to amorphous ribbons [12,13].
Therefore it is of great significance to develop magnetocaloric
BMGs. More recently, we have successfully fabricated quaternary
Co71Mo9P14B6 BMG with a maximum diameter of 4.5 mm by
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combining fluxing treatment and J-quenching technique [14]. In
this work, we further investigate the MCE of the Co71Mo9P14B6

BMG. It is of great interest that this BMG exhibits a near room-
temperature MCE. This work is expected to inspire further research
on amorphous MCE materials as room-temperature magnetic
refrigeration.
2. Experimental

The mother alloy ingots of Co71Mo9P14B6 were prepared by
torch-melting a mixture of pure Co powders (99 mass%), Mo pow-
ders (99.9 mass%), Co2P powders (98 mass%), and B pieces
(99.95 mass%) under a high-purity argon atmosphere. Subse-
quently, the mother alloy ingots were fluxed in a fluxing agent at
an elevated temperature for 4 h under the vacuum corresponding
to a residual of �50 Pa. The fluxing agent is prepared by mixing
B2O3 and CaO with a mass ratio of 3:1. After fluxing treatment,
Fig. 1. XRD and DSC curves of Co71Mo9P14B6 BMG.

Fig. 2. Temperature dependence of the magnetization and dM/dT v
the alloy ingots were cooled down to room-temperature and then
were subjected to J-quenching technique, the details of which can
be found elsewhere [14]. As a result, Co71Mo9P14B6 alloy rod spec-
imens with diameters of 1.0–4.5 mm and lengths of a few centime-
ters were prepared.

The amorphous nature of the as-prepared specimens was
checked by X-ray diffractometer (XRD) using Cu Ka radiation.
The thermal behavior of the as-prepared specimens was examined
by differential scanning calorimetry (DSC, NETZSCH DSC 404F1) at
a heating rate of 0.33 K/s under an Ar atmosphere. The tempera-
ture and field dependences of the magnetization were measured
using a SQUID magnetometer (MPMS, Quantum Design�).
3. Results and discussion

Fig. 1 shows the XRD pattern and DSC curve of the as-prepared
Co71Mo9P14B6 BMG with a diameter of 4.5 mm. The XRD pattern of
the specimen reveals a typical broad diffraction peak and no crys-
talline peaks, illustrating the fully glassy phase formation. The DSC
curve of the specimen shows obvious endothermic glass transition
behaviors and exothermic crystallization peaks. The value of the
glass transition temperature (Tg), the crystallization temperature
(Tx) and the value of the total crystallization enthalpy DHx of the
specimen are 743 K, 770 K and 126.4 J g�1, respectively. The DSC
result further confirms the fully glassy structure of the present
specimen.

Fig. 2 shows the temperature dependence of the magnetization
and dM/dT versus temperature curves for Co71Mo9P14B6 BMG
under 0.02 T. The Curie temperature (TC) of this BMG is 317 K
determined from the differentiation of M-T curve as shown in
the inset of Fig. 2, which is near room-temperature. The isothermal
magnetization curves of Co71Mo9P14B6 BMG under various applied
fields up to 5 T in the temperature range of 245–400 K are dis-
played in Fig. 3(a). The magnetization saturates is achieved at
low applied magnetic fields below the TC, indicating a low number
density of domain-wall pinning site in the present Co-based BMG.
The M-H curves become linear with the temperature increasing
near and above TC, indicating the transitions from ferromagnetic
ersus temperature curves for Co71Mo9P14B6 BMG under 0.02 T.



Fig. 3. (a) Isothermal magnetization curves of Co71Mo9P14B6 BMG measured at
temperatures between 245 and 400 K. (b) Magnetic entropy changes as a function
of temperature under 1.5–5 T for Co71Mo9P14B6 BMG.

Fig. 4. Magnetic field dependence of the (a) maximum magnetic entropy changes
DSpkM
��� ���, (b) RCFWHM for Co71Mo9P14B6 BMG.
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state to paramagnetic state [15]. The MCE is quantified by a mag-
netic entropy change (DSM), which can be calculated from magne-
tization isotherms using the Maxwell relation [16]:

DSMðT;HÞ ¼
Z Hmax

0

@M
@T

� �
H
dH ð1Þ

where Hmax is the maximum applied field. In practice, an alternative
formula is generally used for numerical calculation:
Table 1
The maximum diameter for fully glass formation (Dmax) and magnetocaloric properties und
alloys. Here C stands for crystal.

Composition
(at%)

Dmax

(mm)
TC
(K)

�DSM (J kg�1 K�1)

1.5 T 2 T

Co71Mo9P14B6 4.5 317 0.37 0.47
Co62Nb6Zr2B30 210 0.36
Co40.2Fe20.1Ni6.7B22.7Si5.3Nb5 462 0.62 0.73
Fe80P13C7 2 579 2.20 2.7
Fe79Gd1B12Cr8 355 1.42 3.59
Fe80B10Zr9Cu1 356 1.72
Fe77Ni3B10Zr9Cu1 385 1.61
Fe77Ta5B10Zr9Cu1 313 1.04
(Fe0.59Tm0.17B0.24)96Nb4 316 0.91
Fe66Mn14P10B7C3 319 0.91 1.12
Gd (C) 294 5.5
MnFeP0.45As0.55 (C) 305 14.5
Gd5Si2Ge2 (C) 275 14
DSMðTi;HÞ ¼
RH
0 MðTi;HÞdH� RH

0 MðTiþ1;HÞdH
Ti � Tiþ1

ð2Þ

Fig. 3(b) shows the temperature dependence of �DSM of
Co71Mo9P14B6 BMG under 1.5–5 T calculated by Eq. (2). The curves
under the different applied fields of Fig. 3(b) show two peaks, of
which one is a sharp peak near 310 K and another one is a broad
diffuse peak near 325 K. The presence of two peaks in the magnetic
entropy change curves may be caused by coexistence of the mag-
netic transition and spin reorientation transition when the applied
magnetic field is larger than the spin reorientation field of the pre-
sent Co-based system [13,17]. Additionally, it can be found that the
peak temperature (Tpeak) of the DSM curves BMG is lower than the
TC for the present Co-based, which may be due to inhomogeneities

in the studied sample [18,19]. The peak value of DSM ( DSpkM
��� ���) is

0.37 J kg�1 K�1 under 1.5 T and 0.96 J kg�1 K�1 under 5 T, respec-
tively, and is listed in Table 1. In comparison, the MCE properties
and the GFA of some selected Fe-based and Co-based amorphous

alloys are also listed in Table 1. It can be seen that the DSpkM
��� ��� value

of the present Co71Mo9P14B6 BMG is close to that of Co62Nb6Zr2B30

glassy ribbon, but lower than that of all Fe-based amorphous

alloys. The lower DSpkM
��� ��� value of the present Co-based BMG may

attribute to the anti-ferromagnetic coupling between the magnetic
moments of Co and Mo atoms. The RC is another relevant parame-
ter to characterize the efficiency of magnetic refrigerant. The RC is

calculated by the peak entropy change DSpkM
��� ��� and the full width at
er an applied field of 1.5 T, 2 T and 5 T for some selected Co-based and Fe-based glassy

RCFWHM (J kg�1) Refs.

5 T 1.5 T 2 T 5 T

0.96 33.0 41.3 70.5 This work
[24]

124.1 [15]
5.05 125.6 170.1 479.8 [13]

153 627 [19]
3.28 141.4 444.8 [25]
3.13 119.3 392.5 [25]
2.03 92.2 241.5 [25]

59 [11]
99.84 134.25 [26]

214.5 [27]
18 152.25 [6]
18.5 109.2 [2]
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half maximum dTFWHM of the |DSM| peak [20]. The RCFWHM values of
the present Co-based BMG are about 33.0 J kg�1 under 1.5 T and
70.5 J kg�1 under 5 T, respectively.

Fig. 4 shows the magnetic field dependence of DSpkM
��� ��� and

RCFWHM for the specimen. According to the mean field theory,

DSpkM
��� ��� and RCFWHM can be expressed approximately as DSpkM / AHn

and RC / BHN, respectively [21]. The exponent n and N, controlled
by the critical exponents of Co71Mo9P14B6 BMG, can be extracted
through fitting the experimental data in Fig. 4(a) and (b) with
the relations above. The value of the exponent n is 0.78 here, which
is larger than the that (=2/3) of n predicted by the mean field the-
ory [22], meaning that the fluctuations and heterogeneities in mag-
netic microstructures exist in the present specimen [23].

4. Conclusions

Co71Mo9P14B6 BMG with a maximum diameter of 4.5 mm has
been prepared by combining fluxing treatment and J-quenching
technique. The present Co71Mo9P14B6 BMG does not exhibit a high
MCE, of which the peak value of |DSM| is 0.37 J kg�1 K�1 under
1.5 T and 0.96 J kg�1 K�1 under 5 T, respectively, and the value of
RCFWHM is about 33.0 J kg�1 under 1.5 T and 70.5 J kg�1 under 5 T,
respectively. But it is of great significance that theCurie temperature
of the present Co-based BMG is 317 K, exhibiting near room-
temperature MCE. Therefore, the combination of near room-
temperature MCE and the large GFA make the present
Co71Mo9P14B6 BMG a potential material for room-temperature
refrigeration.
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