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a b s t r a c t

Amorphous Gd68−xNi32+x (x = −3, 0, 3) ribbons were prepared by melt-spinning method. The crystal-
lization onset temperatures Tx1 for Gd68−xNi32+x amorphous ribbons with x = −3, 0, and 3 are 561, 568,
and 562 K, respectively. All the samples undergo the second-order magnetic transition at temperatures
between ∼122 (x = −3 and 3) and 124 K (x = 0). The Curie temperature TC does not change with the
eywords:
d–Ni amorphous alloys
elt spinning
agnetocaloric effect
agnetic refrigeration

composition significantly. The maximum isothermal magnetic entropy changes (−�SM)max of Gd71Ni29,
Gd68Ni32, and Gd65Ni35 amorphous ribbons for a magnetic field change of 0–5 T were 9.0, 8.0, and
6.9 J kg−1 K−1, respectively. Large values of the refrigerant capacity (RC) were obtained in these ribbons.
For example, Gd71Ni29 amorphous ribbon has a maximum RC value of 724 J kg−1. Large magnetic entropy
change and RC values together with high stability enable the Gd71Ni29 amorphous alloy a competitive
candidate among the magnetic refrigeration materials working at temperatures near 120 K.
. Introduction

Compared with the traditional gas compression refrigeration,
agnetic refrigeration has advantages such as high-efficiency,

nergy-conservation, and environment-friendliness [1], which
an help reaching the goal of low carbon economy advocated
n the modern world. Magnetic refrigeration is based on the

agnetocaloric effect (MCE) of magnetic materials, which is char-
cterized by their isothermal magnetic entropy change (�SM).
arge �SM values have been reported in materials with first-order
hase transitions, such as Gd5(SixGe1−x)4 [2], La(Fe1−xSix)13 [3,4],
nFeP1−xAsx [5], MnAs1−xSbx [6,7], and Ni–Mn-based alloys [8,9].

or magnetic refrigeration technology, refrigerant capacity (RC) is
nother important parameter for efficiency evaluation [10,11]. In
rder to get a large RC value, a broad range of magnetic phase transi-
ions and a large �SM value are needed. Although large �SM values
ere found in the materials mentioned above, large thermal and
agnetic hysteresis accompanied by the first order magnetic phase
ransition (FOMT) and narrow magnetic ordering range resulted
n small RC values, which limit their practical application [9]. In
ontrast, materials with second order magnetic phase transitions
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(SOMT) have a wide range of magnetic ordering transition temper-
atures, although their �SM is low, their RC value is relatively large
[12,13]. For example, the value of the �SM peak of the Gd5Ge2Si2
alloy (a FOMT material) with an applied field change of ��0H = 5 T
is about 3 times of the Gd5Ge1.9Si2Fe0.1 alloy (a SOMT material)
(20 J kg−1 K−1 versus 7 J kg−1 K−1). However, the broader �SM peak
width of the Gd5Ge1.9Si2Fe0.1 alloy results in a greater RC value
(360 J kg−1) than that of the Gd5Ge2Si2 alloy (305 J kg−1) [13].

Soft magnetic amorphous alloys for magnetic refrigeration
application have various advantages such as low magnetic and
thermal hystereses, high electrical resistivity (which will lower
eddy current heating arising from the varying magnetic field), weak
coercive force, enhanced corrosion resistance, good mechanical
properties, and adjustable Curie temperature (TC) [14–16]. In addi-
tion, a wide range of magnetic ordering transition temperatures
and a large RC value make this series of materials suitable for Eric-
sson refrigeration cycle and to be one of the most competitive
types of refrigerants. At present, researches on amorphous mag-
netic refrigerants are mainly focused on heavy rare earth-based
[14,17–21] and transition metal-based alloys [15,16,22–24].

Heavy rare earth (HRE) – transition metal (TM) binary alloys
have large magnetic moments and complex magnetic structures
[21,25–28]. The work by Liu et al. [28] on thermomagnetic prop-

erties of amorphous rare-earth metals alloyed with Fe, Ni, or Co
revealed that the magnetic transitions in these alloys were sig-
nificantly broadened. Zhang et al. [21] found that both �SM and
RC featured a large value in Gd–Co binary amorphous alloys. For
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Fig. 1. X-ray diffraction patterns for melt-spun Gd68−xNi32+x ribbons.

xample, under an applied magnetic field of 1 T, �SM and RC in
d71Co29 alloy are 3.1 J kg−1 K−1 and 92.3 J kg−1, respectively. It was
lso found that with the decrease in Gd/Co ratio (71:29, 68:32,
5:35 and 62:38), TC of these alloys increase gradually from 166
o 193 K. Up to date, amorphous Gd–Ni alloys have not been well
tudied. Although most work on MCE focused on the materials with
agnetic transition at room temperature, the MCE materials with

ifferent TC have practical merits. For example, in order to reach the
emperature below liquid H2, we may employ two or three order
re-cooling technology, which operates at 300–200 K, 200–100 K,
nd 100–50 K. Therefore, in this paper, we report on the magnetic
roperties and magnetocaloric effects of Gd68−xNi32+x (x = −3, 0, 3)
morphous alloys. Similar to the Gd–Co alloy, the composition of
d68Ni32 is located near the eutectic point on the Gd–Ni phase dia-
ram [29]. Hence, it would be relatively easy to make these alloys
morphous.

. Experimental details

Binary Gd68−xNi32+x (x = −3, 0, 3) ingots were prepared by arc melting a mix-
ure of 99.9% pure Gd and Ni components in a Ti-gettered argon atmosphere.
he ingots were re-melted four times to ensure compositional homogeneity. The
rushed pieces of ingots were melt-spun into ribbons at a copper wheel having a
urface speed of 60 m/s using a single-roller melt-spinner. X-ray diffraction (XRD)
easurements were performed on a Philips diffractometer with Cu K�1 radiation.
ifferential scanning calorimetry (DSC) data were collected at a heating rate of
0 K/min. The crystallization onset temperature (Tx1) was defined by the intersec-
ion of the extrapolation of two tangents of the beginning inflection point at both
nds of the linear part of the first exothermic peak of the DSC curve. Magnetic mea-

urements were carried out on a Quantum Design Physical Property Measurement
ystem (model PPMS-9) equipped with a 9 T vibrating sample magnetometer.

The magnetization (M) as a function of temperature (T) was measured with
n applied magnetic field of 0.01 T. The Curie temperature (TC) was defined as
he temperature at the maximum of |dM/dT| vs. T plot. From isothermal magne-

ig. 2. Temperature dependence of magnetization for Gd68−xNi32+x melt-spun rib-
ons measured at a magnetic field of 0.01 T.
Fig. 3. DSC curves for Gd68−xNi32+x ribbons melt-spun at the speed of 60 m/s.

tization data, the magnetic entropy change was calculated by using the Maxwell
relation (∂S/∂H)T = (∂M/∂T)H , where S, M, H, and T represent the magnetic entropy,
magnetization, applied magnetic field, and temperature, respectively.

3. Results and discussion

The XRD patterns of the as-spun Gd68−xNi32+x ribbons are shown
in Fig. 1. Only one broad hump appears between 2� of 25◦ and 35◦,
and no well-defined diffraction peaks of crystalline phases are pre-
sented, indicating an amorphous structure of the as-spun ribbons.

The temperature dependencies of magnetization for the amor-
phous samples measured in an applied field of 0.01 T between 5
and 300 K under the zero-field cooling (ZFC) and field cooling (FC)
conditions are shown in Fig. 2. The ZFC and the FC curves overlap
each other in the whole temperature range. The small difference in
Ni concentration has no significant effect on the magnetic ordering
temperature. The Curie temperature TC was determined to be 122,
124, and 122 K for Gd68−xNi32+x amorphous samples with x = −3, 0,
and 3, respectively.

In the DSC curves (Fig. 3), two exothermic peaks appear in the
temperature range between 540 and 600 K for all the Gd68−xNi32+x
amorphous ribbons, corresponding to two crystallization transi-
tions. A hump at the low temperature part of the first peak for all
alloys, is attributed to the growth of primary nanocrystals prior
to phase separation and primary crystallization [30]. The first and
second exothermic peaks are likely due to secondary crystalliza-
tion and the formation of high temperature crystalline phases,
respectively. This conjecture was proved by the x-ray diffraction

(XRD) measurements conducted on the samples which were heated
to 650 K with DSC. The XRD patterns showed lines characteris-
tic of two crystalline phases commonly observed in crystalline
Gd68Ni32, namely the Gd3Ni (Fe3C structure type) and GdNi (BCr

Fig. 4. Magnetization curves of Gd68−xNi32+x melt-spun ribbons measured at 5 K.
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Table 1
Magnetocaloric properties of some typical magnetic refrigerants including amorphous and crystalline materials. A and C stand for amorphous and crystalline alloys,
respectively.

Material Structure TC (K) −�SM

(J kg−1 K−1)
RC
(J kg−1)

Applied
field (T)

Reference

Gd71Ni29 A 122 9.0 724 5 This work
Gd68Ni32 A 124 8.0 583 5 This work
Gd65Ni35 A 122 6.9 524 5 This work
Gd71Co29 A 166 3.1 92 1 [21]
Gd5Ge2Si2 C 275 20.0 305 5 [13]
Gd5Ge1.9Si2Fe0.1 C 305 7.0 360 5 [13]
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Gd C 293 9
Gd6Co2Si3 C 295 6
La(Fe0.88Si0.12)13 C 195 23

tructure type) structure types [29]. The crystallization onset tem-
eratures Tx1 of Gd68−xNi32+x amorphous ribbons with x = −3, 0,
nd 3 are 561, 568, and 562 K, respectively. It is well known
hat amorphous magnetic refrigerants are generally used in the
icinity of its magnetic ordering temperature. In these amorphous
lloys, the crystallization onset temperatures are much higher
han their magnetic ordering temperatures. Hence the Gd68−xNi32+x
morphous ribbons are stable in the range of practical appli-
ation temperatures, which means that, from engineering point
f view, amorphous Gd68−xNi32+x alloys have high temperature
tability.

Fig. 4 shows the hysteresis loops of Gd68−xNi32+x amorphous
lloys measured at 5 K. All alloys show negligible hysteresis and
oercivity, which result from the zero orbital momentum of Gd
toms. The samples are magnetically saturated at 5 K in the applied

eld of 5 T and the saturation magnetization (Ms) is 219.3, 219.8 and
20.7 A m2 kg−1, which equal to 5.05, 4.95, and 4.85�B/magnetic
tom, for x = −3, 0, and 3, respectively. Gd3+ is an S-state ion with

ig. 5. (a) Magnetization isotherms of Gd71Ni29 melt-spun ribbon. The temperature
as changed in steps of 4 K in the vicinity of TC, and it was in 10–20 K steps for

emperature further away from TC. (b) Arrott plots of Gd71Ni29 melt-spun ribbon
onstructed from M(H) data.
556 5 [34]
503 5 [34]
452 5 [35]

negligible magnetic anisotropy, which was demonstrated by the
essentially zero hysteresis and the small applied field needed for
saturating the magnetization of the Gd68−xNi32+x alloys at low tem-
peratures (Fig. 4). Also, Ni atoms do not carry a magnetic moment
in the amorphous Gd70Ni30 alloy because the concentration of Ni is
far below the critical concentration of 80 at.% for Ni to be magnetic
in the RE-Ni alloys [31] and would not be expected to contribute to
magnetic properties. Therefore, the magnetization of Gd68−xNi32+x
alloys can be understood by assuming zero moment on Ni or a
small moment on Ni coupled anti-parallelly to that of Gd. Anti-
ferromagnetic coupling of the Gd and Ni moments occur in these
amorphous alloys [28,32].

Isothermal magnetization M(H) curves of the Gd71Ni29 amor-
phous ribbon are presented in Fig. 5(a). A typical ferromagnetic
transition is evident in the vicinity of TC. The Arrott plots of the
Gd71Ni29 amorphous ribbon are displayed in Fig. 5(b). All slopes
remain positive, indicating the ferromagnetic–paramagnetic tran-
sition is of second-order [33].

Isothermal magnetic entropy changes (−�SM) of these amor-
phous ribbons were calculated based on the magnetization
isotherms in the vicinity of TC by using the Maxwell relation.
Fig. 6 shows the temperature dependence of the (−�SM) with
different magnetic field changes. For the applied field change
from 0 to 5 T, the maximum (−�SM) for Gd71Ni29, Gd68Ni32
and Gd65Ni35 amorphous ribbons are 9.0, 8.0, and 6.9 J kg−1 K−1,
respectively. The (−�SM) vs. T curves displays typical �-shape, as
shown usually in magnetic materials with a second-order mag-
netic transition, indicating that magnetic phase transition near
Curie temperature of Gd68−xNi32+x amorphous alloys is second-

order phase transition, which is in good agreement with the
results of Arrott plots. The RC values of these amorphous rib-
bons were calculated by numerically integrating the area under

Fig. 6. Temperature dependence of magnetic entropy changes (−�SM) of
Gd68−xNi32+x melt-spun ribbons for the magnetic field changes from 0 to 2 T and
5 T, respectively.
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he (−�SM) vs. T curves, using the temperatures at half max-
mum of the peak as the integration limits [11,13]. When the
pplied field changed from 0 to 5 T, RC values of Gd71Ni29, Gd68Ni32,
nd Gd65Ni35 amorphous ribbons were 724, 583, and 524 J kg−1,
espectively. These values are larger than that of Gd (556 J kg−1,
�0H = 5.0 T) [34] and Gd5Si2Ge2 (305 J kg−1, ��0H = 5.0 T) [13].

he RC values of a series of magnetic refrigeration materials are
isted in Table 1. For Gd–Ni amorphous ribbons, the structure dis-
rder results in exchange integral fluctuation, which brings a wide
ange of magnetic ordering transition temperatures [28]. There-
ore, the RC values of Gd–Ni amorphous ribbons are relatively
arge.

. Conclusions

Gd68−xNi32+x (x = −3, 0, 3) amorphous ribbons were prepared by
elt spinning with a wheel surface speed of 60 m/s. All these amor-

hous ribbons order ferromagnetically and undergo second-order
ransitions at their Curie temperatures. The composition change
as negligible effect on the Curie temperatures of Gd68−xNi32+x
morphous ribbons. These amorphous ribbons have large val-
es of �SM and RC. The maximum isothermal magnetic entropy
hange (−�SM)max and RC value of Gd71Ni29 amorphous rib-
ons were 9.0 J kg−1 K−1 and 724 J kg−1, respectively. Negligible
oercive force and hysteresis, and large �SM and RC values sug-
est that Gd68−xNi32+x amorphous ribbons are good candidates
or active magnetic refrigeration working at temperatures around
20 K.
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