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In order to obtain “table-like” magnetocaloric effect (MCE), multiple-phase GdssNi;sAl,;Zr, alloy
was prepared by arc-melting followed by suck-casting method. Powder x-ray diffraction and calori-
metric measurements reveal that the sample contains both glassy and crystalline phases. The frac-
tion of the glassy phase is about 62%, estimated from the heat enthalpy of the crystallization. The
crystalline phases, Gd,Al and GdNiAl further broadened the relatively wider magnetic entropy
change (—AS,,) peak of the amorphous phase, which resulted in the table-like MCE over a maxi-
mum temperature range of 52.5 K to 77.5 K. The plateau feature of the MCE was found to be nearly
independent of the applied magnetic field from 3 T to 5 T. The maximum —AS,, value of the MCE
platforms is 6.0 J/kg K under applied magnetic field change of 5T. Below 3 T, the field independ-
ence of the table-like feature disappears. The relatively large constant values of —AS,, for the re-
spective applied magnetic fields have promising applications in magnetic refrigeration using

regenerative Ericsson cycle. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931765]

I. INTRODUCTION

The vapor compression/expansion refrigerator has today
become an indispensable household appliance. However,
there are global environmental concerns about its low effi-
ciency and use of greenhouse gases.' A promising and effi-
cient cooling process that does not use hazardous and ozone
depleting gases is based on magnetocaloric effect (MCE).
While the best conventional gas technology can achieve up
to about 45% efficiency, magnetic prototypes are known to
reach higher efficiency of 60% of the theoretical limit.” This
improved performance has indirect impact on reduced CO,
release.”

Magnetocaloric materials (MCMs) play a key role in the
progress of this technology; hence, there is increased
research on identifying MCMs that meet the requirements
for high system output close to that of the Carnot cycle.’
Ericsson cycle is one of the appropriate and practical thermo-
dynamic cycles suitable for magnetic refrigeration above
15K.%7 It requires that the magnetic entropy change (—AS,,)
of the MCM remains constant over the working temperature
range.® Such materials are said to exhibit “table-like” MCE
and are characterized by the existence of suitably graded
transition temperatures.” Unfortunately, this property is not
commonly found in naturally occurring single phase mag-
netic materials but often achieved by design. For example,
by pressing and sintering ferromagnetic materials with
neighboring phase transitions or employing monolithic struc-
tural phase materials with successive magnetic phase
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transitions such as in the (Gdgs4Erg4¢) NiAl heat treated
alloy.'"® In pressing and sintering, solid-state reactions
between constituent materials and entropy generation in
physical mixtures (due to temperature differences between
neighboring particles) alter the expected temperature profile
of —AS,, and reduce the overall efficiency of the thermody-
namic cycle. Also, differences in the coefficient of thermal
expansion (CTE) in sintered layers could potentially cause
thermal stress that may lead to shattering of the material of
lower CTE or result in the separation of the layers at the
interface with time. As such, an ideal refrigerant suitable for
Ericsson cycle should be a single bulk table-like MCM.

Several works on the broadening of —AS,; or on the
improvement of refrigerant capacity (RC) have been reported
in literature.'""'? In particular, the flattening of —AS,, was
observed over the temperature range of 20K-300K in the
multi-phase LuFe204.13 Unfortunately, because of its low
—AS,, magnitude of approximately 1J/kg K for a field
change of 6.0T its discovery was not appreciated. Fu et al.
later reported table-like MCE in the multi-phase Gd-Co-Al
alloy system containing both crystalline and amorphous
phases and suggested that multi-phase alloys could be a use-
ful means of obtaining table-like MCE."*

In this work, we study the magnetic and magnetocaloric
properties of the multi-phase alloy GdsgNijsAl,;Zr,. We
induce the formation of amorphous phase in the study alloy
with the low content of Zr. Quaternary Gd-Ni-Al-Zr alloys
were prepared using trace amounts of Zr for microalloying
to obtain a multi-phase material with both crystalline and
amorphous phases. The magnetic properties of the alloy and
its component phases were analyzed by magnetic
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measurements and its overall magnetocaloric performance
was determined. Generally, MCE is dependent on the
applied magnetic field."”>'® In a material with table-like
MCE, the nature and sensitivity of the field dependence of
—AS,, of the components or phases often causes the disap-
pearance of the platform under different applied fields.
Interestingly, the constant —AS),, feature obtained in this
alloy was found to be nearly independent of the field, in the
range of 3T to 5T. We thus report table-like MCE and its
uniqueness in the bulk multi-phase GdsgNisAl,;Zr, alloy.

Il. EXPERIMENTAL

Gd metal of purity 99.2 wt. % and Ni, Al, and Zr metals
all of purities 99.99wt. % were used to prepare the
GdseNisAly7Zr, and GdssNij;AlyeZr, alloys under argon
atmosphere at a chamber pressure of 1 atm in a water cooled
WK-II arc furnace from Physcience Opto-Electronics. The
ingots were repeatedly melted and then suck-casted in a cop-
per mold to form 3 mm cylindrical rods. Powder x-ray dif-
fraction (XRD) patterns were collected using a DX-2700
diffractometer operating at 40kV and 30mA with Cu K,
radiation for phase characterization. Step scanning mode
with a step size of 0.02° and count time of 5s/step was
employed to obtain data with good signal-to-noise ratio.
Calorimetric measurements were performed on a Setaram
DSCI131 calorimeter with a scanning rate of 20 K/min under
nitrogen atmosphere. The magnetization measurements were
performed on an MPMS XL-7 superconducting quantum in-
terference device (SQUID) magnetometer, from Quantum
Design, Inc.

lll. RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern of the GdsgNi;sAly7Zr,
alloy. Sharp Bragg peaks can be seen with two broad peaks
located at about 34° and 60°. It suggests the coexistence of
both crystalline and amorphous phases. The crystalline
phases were determined to be Gd,Al and GdNiAl, which
are known to have the Co,Si-type'” and ZrNiAl-type'®
structures, respectively. The Bragg peaks of crystalline
Gd,Al and GdNiAl phases within 20 =40° are indicated by
asterisk and square (see Fig. 1), respectively. The inset of
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FIG. 1. XRD pattern of GdsgNijsAly;Zr, alloy showing the Gd,Al and
GdNiAl peaks. Inset is the DSC curve of the sample.
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Fig. 1 shows the differential scanning calorimetry (DSC)
trace of the title alloy. One glass transition near 300°C
followed by several crystallization exothermic peaks above
340°C can be observed, confirming the presence of amor-
phous phase. The heat enthalpy of the crystallization reac-
tion is measured to be 25.6J/g. In comparison, that of
GdssNij;AlyeZr, (not shown) bulk metallic glass (BMG),
which was used in the analysis of the magnetic properties
of the title alloy is 41.3J/g. Therefore, the phase fraction
of the amorphous component was estimated at 62%
(=25.6/41.3). The crystalline phases as observed by optical
microscope (not shown) form in the center of the
GdseNijsAly;Zr, rod because of the slower cooling rate
while the amorphous phase forms in the faster cooled outer.

The temperature dependence of magnetization for the
GdseNijsAly;Zr, alloy and that of its crystalline component
phases under the applied magnetic field of 0.1 kOe is shown
in Fig. 2. The magnetization was measured as the sample was
cooled to low temperatures. The title alloy exhibits a broad
ferromagnetic phase transition within 60—90K with a Curie
temperature of 70 K, determined from the minimum of the de-
rivative of magnetization versus temperature (dM/dT) curve
as shown in the inset of Fig. 2. To better understand the con-
tribution of the amorphous phase to the phase transformation
of our sample, a magnetization versus temperature (M-T)
curve of GdssNij;AleZr, BMG is also shown in Fig. 2. It is
worth noting that glass forming ability is very sensitive to
chemical concentration, and as a result, the GdssNi;;Aly¢Zr,
alloy is wholly glassy structure while Gds¢Ni;sAl,7Zr, alloy,
with 1 at. % difference in Ni and Al concentrations is BMG
matrix composite. Both the BMG and the title alloy of 3 mm
diameters were prepared under same conditions, such as the
source and purity of raw materials, the chamber pressure, and
the electric current. Therefore, the BMG is assumed to have
similar properties (for example, glass transition, heat enthalpy
of the crystallization reaction, and Curie temperature) to the
glassy component of the title alloy. From the M-T curves,
GdssNij7AlLgZr, BMG shows ferromagnetic behavior and
undergoes phase transition near 70K. That of crystalline
GdNiAl phase, as shown in Fig. 2, undergoes successive
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FIG. 2. Temperature dependence of magnetization for the alloy, its two
crystalline component phases, and the BMG. The inset shows the derivative
of magnetization versus temperature curve for the sample alloy.
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phase transitions with the first occurring near 30 K. Its transi-
tion temperature, T is 67 K. The Tc of GdNiAl reported in
literature ranges from 58 to 70K.'”' Previous research®
indicates that the substitution between Ni and Al can change
the transition temperature of intermetallic phase GANiAl. The
higher the concentration of Ni in the phase, the higher is the
transition temperature. Therefore, the GdNiAl phase in the
title alloy may have higher concentration of Ni and possess
similar transition temperature with the glassy phase. GANiAl
is also known to show negligible hysteresis (Ref. 18). Finally,
the Gd,Al phase undergoes two transitions near 50K and
about 270 K.** The transition near 50K is from antiferromag-
netism to paramagnetism. The high temperature transition
near 270K is from paramagnetism to ferromagnetism
(Ref. 23). Considering the weak transition of Gd,Al phase
and its content in the alloy, its contribution to the phase transi-
tion for the title alloy cannot be distinguished from other com-
ponent phases. Therefore, from the M-T curve, the broad
ferromagnetic phase transition for the multi-phase structure
alloy GdseNijsAl,;Zr, is attributable to the contribution of
both the glassy phase and the crystalline GANiAl.

The magnetization isotherms of GdsgNijsAly;Zr, alloy
for applied fields between 0 and 50 kOe are shown in Fig. 3.
When temperatures are higher than 110K, the magnetization
increases linearly with increasing applied field, indicating the
alloy is paramagnetic. For the temperature range of 50K to
90K, the magnetization exhibits the characteristics of ferro-
magnetism for applied fields lower than 10 kOe. However, the
magnetization increases linearly with the applied field from
10 kOe to 50 kOe. At temperatures lower than 40 K, delicate
field-induced metamagnetic transitions can be observed when
the applied field is above 20 kOe. For Gd,Al phase, metamag-
netic transition from antiferromagnetic to ferromagnetic
(AFM-FM) induced by external magnetic field when tempera-
ture is lower than 40K is observed as reported in literature
(Ref. 23). The delicate field-induced metamagnetic transition
is due to contribution of the Gd,Al phase which is also con-
firmed by the XRD analysis. The maximum magnetization at
2K for 50 kOe is 157 emu/g, i.e., 297.9 uB/f.u. or 5.3 uB/Gd,
which is lower than that of the theoretical value of 7.0 uB/Gd.
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FIG. 3. Magnetization isotherms of Gds¢Ni;sAl,;Zr, alloy at temperatures
from 2K to 150K for AH = 50 kOe.
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FIG. 4. Temperature dependence of —ASy; for the GdseNijsAly;Zr, alloy
showing table-like MCE and those of its component phases for AH = 50 kOe.

It suggests that antiferromagnetic interaction exists in the
alloy.

Fig. 4 shows the temperature dependence of the magnetic
entropy change for the GdsNi sAl,;Zr, alloy at AH = 50kOe
calculated from the magnetization isotherm measurements
using Maxwell’s relation.”* The component crystalline phases
of Gd,Al, GdNiAl, and the full glassy alloy with a composi-
tion of GdssNij7AlyeZr, are also shown in the figure. We note
that the practical composition of the amorphous phase in
GdsgNijsAly;Zr, is not exactly the same as GdssNij;AlygZr,
but close to it. Table-like MCE was obtained in the parent
multi-phase Gds¢Ni;sAl,;Zr, alloy, within the temperature
range of 52.5K to 77.5 K under an applied field of 5T. In this
temperature region of interest, Gd,Al is paramagnetic and
shows no hysteresis. The magnitudes of the magnetic entropy
changes (MEC) of GdssNij;AlysZr, BMG at 72.5, 77.5, and
82.5K are all 7.5J/kg K. Thus, the resulting table-like MCE
is attributed to further broadening of the MEC peak of the
amorphous phase by crystalline GdNiAl and Gd,Al under a
suitable distribution of phase proportions and Curie tempera-
tures. A similar effect has been reported in the study of
G(16016‘110Mf130'25

The obtained constant feature of —AS), is nearly inde-
pendent of the applied magnetic field as shown in Fig. 5.
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FIG. 5. Temperature dependence of magnetic entropy change of the GdsgNi;s
Aly;Zr, sample alloy under different applied magnetic field changes.
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TABLE I. Magnitudes and widths of —AS), under given applied magnetic fields for different materials.

Material Transition temperature (K) Applied field (T) —AS); magnitude (J/kg K) Width (K) Reference
GdsgNijsAly;Zr, 70 5 6.0 25 This work
Gds, 5Co6.5Al5; ~80 5 7.3 30 14
Gds3Coy9Alog 50-90 5 7.0 30 14
[Feg;ZreBsCuls-[FegpZrgBo]; « 240 and 300 5 2.4 80 26
Nd,Fe,; 330 1.5 ~1.0 20 27
Fesg_<CeSiyNbsB,Cu 281-465 5 2.0 80 28
Fegg.xNd,CrgBy 322-350 5 32 40 29

The plateaus are satisfactorily flat with a maximum magni-
tude of 6.0J/kg K for the applied field change of 5 T. Under
the reduced fields of 4T and 3T, the magnitudes of the
—ASy; platforms drop to 4.8 and 3.6J/kg K, respectively.
The width of the magnetic entropy change at 5T is about
25K (from 52.5K to 77.5 K) and shrinks from the low tem-
perature end towards high temperatures with decreasing
magnetic field change. Thus, the effect of the applied mag-
netic field on the individual MECs of the component phases
maintains the table-like feature of —AS,, but with reduced
width and magnitude as the applied magnetic field change
decreases. When the applied field is lower than 2T, the
table-like feature gradually disappears. Since field-induced
transformation is suppressed below 2 T as already discussed
above, the low field disappearance of the —AS,, platform
could be ascribed to it.

The transition temperatures, the magnitude of the MEC
platforms, as well as the width of the platforms of several
materials are listed in Table I for comparison. The materials
in Table I can be divided into two types. One is the rare earth
based materials, and the other is the transition metal iron
based materials. For the rare earth based materials, they have
relatively lower transition temperatures and higher magni-
tude of —AS,, platforms. In our previous study, the magni-
tudes of the 5T table-like platforms are 7.3 and 7.0J/kg K
for Gds; 5sCo6.5Al3; and Gds3Co 9Alyg alloys, respectively
(Ref. 14). The decrease in the magnitude of the platform
here is the result of relatively lower maximum MEC of the
component phases, GANiAl and glassy phase given by 11
and 7J/kg K for AH =50kOe, respectively. In comparison,
MEC of the component phases in the Gd-Co-Al alloys,
GdCog 74Al; 26, GdrCo,Al, and glassy phase are 11.4, 10.4,
and 9.6J/kgK for AH =50kOe, respectively. However, the
iron based materials possess higher transition temperatures
and lower magnitudes of —AS,, platforms near their transi-
tion temperatures mainly due to the large heat capacity of
the materials near room temperature. For instance, the
table-like feature in Fe,5_ ,Ce,Si4NbsB,Cu multilayer and
powder composites have transition temperatures above
room temperature and maximum —AS,; values of 2.0 and
1.87J/kg K, respectively, under the applied field change of
5T.2% In the multilayer composite Fegg_ NdCrgBy, the mag-
nitude of the platform is approximately 3.2 J/kg K for a field
change of 5T.%

Though the magnitude of the table-like MCE of the
GdseNisAly;Zr, alloy is relatively lower than those of
non-table-like model MCMs used in near liquid nitrogen

temperature applications, such as DyAl, with second-order
phase transition and DysSi;Ge with first-order transition,>”
it is comparatively large amongst other table-like MCMs
and suitable for efficient magnetic refrigeration applica-
tions at low temperatures using regenerative Ericsson
cycle.

IV. CONCLUSIONS

The quaternary GdsgNijsAly;Zr, alloy synthesized by
suck-casting method possesses composite structure with both
crystalline and the amorphous phases. The crystalline phases
are Gd,Al and GdNiAl determined by powder x-ray analysis.
The glassy phase confirmed by calorimetric measurements
has a phase fraction of about 62% estimated by its heat en-
thalpy in comparison with the full glassy alloy. The study
alloy shows a broad phase transition from 60 K to 90K in the
M-T curve and exhibits table-like MCE. The magnitude and
the width of the MEC platform are 6.0J/kg K and 25K for
AH =50kOe, respectively. The alloy’s —AS,, platform
exhibits field independent feature from 3 T to 5 T. It provides
a single MCM with table-like MCE for Ericsson cycle appli-
cations under different magnetic fields.
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