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The magnetocaloric effect of Fegg_xB1,CrsGdy (x=1, 2, 3, 5, 8, 10, 11) amorphous alloys was studied. Gd
addition increases the thermal stability of the alloy and allows tuning the Curie temperature (T¢). A linear
relationship between the magnetic entropy change and the magnetic moment of the alloy was observed.
The experimental values of magnetic field dependence of the magnetic entropy change were consistent
with a phenomenological universal curve. The maximum magnetic entropy change, for x=1, was ~33%
larger than FegoB1,Crg, the refrigerant capacity (RC) is ~29% larger than GdsSi, Ge1gFep; and within 10%
of Fegy 5Zr7B4C03.75Niz.75Cuy which is the best Fe-based amorphous MCM to date. The tunable T¢ can be
used toincrease RC and the temperature span of layered multi-composition magnetocaloric regenerators.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The search for new magnetocaloric materials (MCM) is
attracting considerable attention recently, since their practi-
cal applications are in the energy efficient environmentally
friendly magnetic refrigeration technologies [1-12]. This technol-
ogy exploits the magnetocaloric effect (MCE), which corresponds
to the temperature change of a magnetic material when adiabat-
ically subjected to a varying magnetic field. Magnetic cooling is
a promising alternative to classical vapor compression-expansion
refrigeration since it is energy efficient, does not require compres-
sors and does not use ozone-depleting gases [1,2,6,7,9,12]. A large
MCE is obtained for a large change in saturation magnetization
when the temperature is altered. This is achieved by a magnetic
or magneto-structural phase transition in the vicinity of the work-
ing temperature. MCM can be divided into two classes based on
the type of phase transitions: first order magneto-structural phase
transition (FOMT) and second order magnetic phase transition
(SOMT). FOMT materials, also known as giant magnetocaloric effect
(GMCE) materials, exhibit larger peak magnetic entropy change
(‘AS]‘\’,}“) due to their magneto-crystallographic phase transition,
but this is accompanied by undesirable thermal hysteresis. SOMT
ASDY

materials usually display lower , broader ASy(T) peaks and
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reduced hysteresis, resulting in enhanced refrigerant capacity (RC).
This, facilitates an increase in operating frequency of magnetic
refrigerators, hence SOMT materials are still preferred as the MCM
in refrigerator prototypes. Gadolinium, a SOMT material, is the de
facto reference material for MCE because its Curie temperature (T¢)
is close to room temperature and it exhibits a large magnetocaloric
response. Gd is also the base for crystalline compounds, such as
Gds5Si>Ge, [13] and GdsSipGeqgFeg 1 [14], which exhibit GMCE.
However, the high price of Gd and its low corrosion resistance has
necessitated the search for affordable materials which are suitable
for room temperature magnetic refrigeration. Hence there is con-
siderable interest in developing soft magnetic amorphous alloys for
MCE applications.

The advantages of soft magnetic amorphous alloys for magnetic
refrigeration applications include low magnetic hysteresis, high
electrical resistivity (which will lower eddy current heating arising
from the varying magnetic field), enhanced corrosion resistance,
good mechanical properties and the possibility of tuning the Curie
temperature by alloying [15-19]. Among the soft magnetic MCM,
Fe-based amorphous alloys exhibit competitive advantages such as
having abundant raw materials and low fabrication cost. Nanoperm
type alloys display the highest MCE among Fe-based amorphous
alloys, but usually at elevated temperatures [16,19,20]. FeggB1,Crg
amorphous alloys were recently reported to exhibit promising
MCE near room temperature and the corrosion resistance is
enhanced by Cr [21]. Other studies show that rare earth based
amorphous alloys exhibit large magnetocaloric response, but their
working temperatures are much lower than room temperature
[22-28].
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MCM exhibit maximum MCE around their T¢. Regenerators
consisting of layers of MCM, enhance both operating tempera-
ture range and RC [29]. Thus, composite MCM with increasing Tc
are the optimum materials for active regenerative refrigerators
[6,12,29-31]. Hence, with the aim of tuning the Curie tempera-
ture of Fe-B-Cr alloys around room temperature, we examined the
influence of Gd addition on the FeggB1,Crg alloy. The experimental
results were also found to be consistent with a phenomenolog-
ical universal curve developed to predict the magnetic entropy
change. We find that the Curie temperature increases as Gd content
increases, these alloys can be used as multilayer MCM to increase
the temperature range and RC of magnetic refrigeration devices.

2. Experimental

Buttons of nominal composition Fegg_xB12CrsGdy (x=1,2,3,5,8,10and 11) were
prepared by arc melting high-purity elemental constituents (Fe, Strem Chemicals,
99.95%; Gd, Alfa Aesar, 99.99%; Cr, Sigma-Aldrich, 99.99%; B, LTS (chemical), 99.99%)
in argon atmosphere. The buttons were subsequently melt spun into ribbons (with
thickness and width of 10-20 wm and ~1 mm, respectively) by single roller melt
spinning (Edmund Biithler GmbH., Melt Spinner SC) under an argon atmosphere at
a surface speed of 44 m/s. The ribbons will be denoted by their Gd content as Gd1,
Gd2, Gd3, Gd5, Gd8, Gd10 and Gd11.

The structure of the ribbons was characterized by X-ray diffraction (Shimadzu
6000 diffractometer, Cu Ko radiation) and by transmission electron microscopy
(JEOL JEM 2010 with Cs=0.5mm). Compositional analysis was performed using
energy dispersive X-ray spectroscopy (EDS). The thermal stability of the ribbons
was studied by a NETZSCH DSC-404 differential scanning calorimeter (DSC), using
a10Kmin~! scan.

The field dependence of magnetization was measured by a Lakeshore 7400 series
vibrating sample magnetometer (VSM).

3. Results and discussion

The amorphous character of the ribbons was verified by X-ray
diffraction and bright field images with their corresponding bright
halos in the selected area diffraction patterns. The EDS results
also showed good agreement with the nominal composition. The
devitrification behavior of the studied alloys was studied by DSC
(Fig.1).For low Gd content, onset temperature of crystallization (Ty)
increases as Gd content in the alloy increases, reaching a plateau at
around 8 at.% Gd. This trend suggests that the thermal stability of
the alloys is enhanced according to the confusion principle [32].

The magnetic entropy change (ASy;) due to the application of a
magnetic field (H) was calculated from the integration of the tem-
perature (T) and field dependent magnetization curves according
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Fig. 1. Main panel: DSC thermographs of as-spun Fegy_xGdxCrgBy, ribbons mea-
sured at a heating rate of 10 Kmin~"'. Inset: compositional dependence of onset of
crystallization temperature.
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Fig. 2. Values of magnetic entropy change calculated from VSM magnetization data.

to the equation:

H
M
ASy = — | dH. (1)
M /0 (8T>H

There are several definitions in the literature for the refrigerant
capacity (RC), which is a measure of the heat which can be trans-
ferred between the hot and cold reservoirs [3,33]. In this work,
we calculate RC into two ways: (a) RCpwhm: the product of AS,‘\D,F
times the full temperature width at half maximum of the peak
(RCrwnm = AS,{’,}‘ - ATpwum ) and (b) RCagea: the numerical integra-
tion of the area under the ASy(T) curves, using the full temperature
width at half maximum of the peak as the integration limits.

The temperature dependence of magnetic entropy change of the
alloys under an applied magnetic field of 11KkOe is presented in
Fig. 2, wherein the maximum values of |ASy| for Gd1, Gd2, Gd3,
Gd5, Gd8, Gd10, and Gd11 are 1.12, 0.91, 0.72, 0.75, 0.65, 0.52,
and 0.37] kg1 K1 respectively. At low applied magnetic fields,
the Curie temperature can be identified as the temperature of the
peak entropy change (Tpy) [34], the values of Ty are presented in
Fig. 3. It is observed that T is displaced to higher temperatures
with increasing Gd content. The evolution of Curie temperature
in the binary Gdgp_xFex system follows a non-monotonic evolu-
tion, with a maximum for x=70 at. % [35]. The increasing trend of
Curie temperature with higher Gd content in FeGd alloys has been
reported elsewhere [36,37].In the alloy series studied in the present
work, the presence of Cr and B in the alloy alters the position of the
maximum, displacing it to lower Gd concentration.
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Fig. 3. Compositional dependence of ’Asf/f and Ty of the as-spun ribbons.
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The compositional dependence of ASI'\),}( is shown in Fig. 3. The

ASI'\’/}( initially increases with increasing Gd content up to 2 at.% Gd,

following which it monotonically decreases. It has recently been
shown that there is a correlation between the magnetic moment
of the alloys and the magnetic entropy change values [38-40]. The
magnetic moment of Fe was also reported to decrease with increas-
ing Gd content in Fe-Gd alloys [36,37]. Hence there should be a
decrease in ASM for higher Gd concentration.

M
netic moment, the temperature dependence of magnetization was
measured below the Curie temperature. For lower temperatures,
magnetization was plotted as a function of T3/2 to obtain low tem-
perature spontaneous magnetization. As an example, the inset of

pk
AS,, | for the
various alloys as a function of the spontaneous magnetization were

plotted in Fig. 4, showing good agreement between the predicted
linear dependence of the magnetic entropy change and the mag-

To further study this relationship between ASPK ’ and the mag-

Fig. 4 shows this procedure for Gd5. The values of

netic moment of the alloys. This shows that decrease in As&k‘ with

increasing Gd content can be ascribed to the decrease in sponta-
neous magnetization previously observed in Fe-Gd binary alloys
[36,37].

When comparing the characteristics of different MCM from the
published literature, one of the problems encountered is the varia-
tion in the experimental facilities available in different laboratories.

In particular, As,‘\’,}" experimental values are usually reported for
the maximum available magnetic field (Hmax). Hence, the ratio
‘AS{\’/}“ [Hmax is sometimes quoted for performance comparison of
magnetic refrigerants [10]. However, this is only useful if the field
pk
ASy
field dependence of the compared materials is different, this ratio
will offer unreliable information on the selection of MCM for a par-
ticular field value. Therefore the study of field dependence of MCE
is of increasing interest since it allows comparison of the results
obtained with different values of the maximum applied field.

The field dependence of magnetic entropy can be expressed as
a power law of the magnetic field [41]:

dependence of for the compared materials is similar. If the
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Fig.4. Main panel: spontaneous magnetization dependence of | AS,‘\’Ak ‘ .Inset: linear
fit of M versus T3/2 for Gd5 in the low temperature region.

where the exponent n depends on H and T. It can be locally calcu-

lated as follows:

d In |ASy|
dinH

In the particular case of T=Tc or at the temperature of the peak
entropy change, the exponent n becomes field independent [34]. In
this case,

n(Te) =1+ (%) , (4)

where 8 and y are the critical exponents [41].
The scaling of refrigerant capacity with field also controlled by
the critical exponents of the material [42]:

n=

3)

RCpwHM O<HH%, (5)

where the value of § can be obtained from the Widom scaling rela-
tion, i.e., §=1+y/B [43].

The field dependence of ‘ ASI'\’/}( and RC for the Gd5 alloy are pre-

sented in Fig. 5. The curves for the other compositions are similar.
By fitting AS]%}‘(H) and RC (H) data to power laws, the exponents
controlling these two magnitudes can be calculated. The expo-
nent obtained for ASK,}‘(H) by this method is ~0.75 for Gd5 alloy.
Theory predicts [42] that both RCpwym and RCarga should scale
with field with the same value of exponent (1+(1/3)), this is in
agreement with the experimental results (Fig. 5), which yield an
exponent value of 1+(1/§) equals to 1.16 for both RCpyym and

RCagea- The peak magnetic entropy change ( AS}\’/}‘ ) and RC of the

studied alloys are presented in Table 1. Extrapolations to higher
fields are performed using power laws from Egs. (2) and (5) to
enable comparison of the present results with those of other lit-
erature publications. Other typical MCM (Gd and GdsSi;Ge;) and
Gd-based or Fe-based amorphous systems are also listed with their
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Fig. 5. Field dependence of (a) peak magnetic entropy and (b) refrigerant capacity
for Gd5 alloy.



Table 1

Peak temperature and peak entropy change measured by VSM. Calculated refrigerant capacities, including extrapolations to fields of 1.5 and 5 T. For comparison, results for FegoCrgB; alloy of Ref. [21], Fegg_2xCoxNixZr7B4Cuy of
Ref. [19], (Fe10o-x-yCoxCry )o1Zr7B2-type alloy series of Ref. [18], Fe-Nb-B-type alloy series of Refs. [15,46], Gd of Ref. [47], GdsSi,Ge; alloys of Ref. [13], GdsSi»Geq9Feg of Ref. [14] and some Gd-based amorphous alloys of Refs.
[22,24,27,48] are also presented.

Nominal composition Ty (K) ASEX } ASEK | ’AS]‘\’,}‘ RGwim Ukg ) RCrwim Ukg™') RGrwim Ukg™') RCarea Ukg™')  RCarga Ukg')  RCagea Jkg')  Ref.
(kg 1K) VSM (kg 1K) (kg 1K) (H=1.1T) (H=1.5T) (H=5.0T) (H=1.1T) (H=1.5T) (H=5.0T)
(H=1.1T) (H=15T) (H=5.0T)
Fe79Gd;CrgB1> 355 1.12 1.42 3.59 107 153 627 78 112 459 This work
Fe73Gd,CrgB1» 383 0.91 1.18 3.02 68 95 357 52 74 277 This work
Fe;7Gd3CrgBia 378 0.72 0.92 231 54 79 338 39 57 246 This work
Fe75GdsCrgBi2 400 0.75 0.95 2.34 51 73 294 34 48 195 This work
Fe7,GdgCrgB1> 412 0.65 0.80 187 32 45 171 24 33 126 This work
Fe70GdoCrsBi2 405 0.52 0.66 1.66 22 32 126 17 24 94 This work
FegoGd11CrgBy2 413 0.37 0.48 1.25 14 20 77 11 15 57 This work
FegoCrsBiz 328 1.07 [21]
FegsZrsB1oCu; 398 14 104 [20]
FeggZr7B4Cuy 295 1.32 166 121 [19]
F632_5C02_75Ni2,752r7B4CU1 398 141 166 119 [19]
(Fe35C05Cr10)912r7B2 320 2.8 240 []8]
F83o,5Nb7B12,5 363 0.72 (0.7 T) [15]
Feg1Nb7B1, 363 0.7 (0.7T) [46]
Gd 294 10 [47]
GdsSi>Ge, 275 20 305 [13]
GdsSizGE]_gFCQ] 305 7 355 [14]
Gdss5Coz0Alps 103 8.8 541 [22]
GdssNigsAlyg 78 8 640 [22]
Gd4g Dy16A124C020 78 15.78 426 [48]
Gd34Dy22A124C020 75 9.64 518 [48]
Gd51 A124C020Nb1 Cl‘4 100 948 611 [27]
Gd53Alz4C02()Zl'3 93 9.4 780 590 [24]
Gdg;Er22A124Congr3 52 947 714 574 [24]
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Fig. 6. Universal curves for (a) the studied alloys for H=11 kOe and (b) Gd5 alloy for
different maximum applied fields.

magnetocaloric properties in Table 1. When RCpgga for the Gd1
alloy is extrapolated to an applied field of 5T, it yields a value of
459]kg~1, whichis a ~29% improvement over one of the best MCM,
GdsSipGeqgFeg 1 [14]. The Ty values are higher for Fe-B-Cr-Gd

alloys, although ASII\’,}( and RC values are observed to be smaller
than those of Gd-based amorphous alloys. Furthermore, Gd1 alloy

pk
ASy

alloy [21]. The RCpwym Vvalue for Gd1, which extrapolates to
153]kg~! for H=1.5T, is within 10% of Feg, 5C0, 75Niy 75Zr7B4Cuy
(the best Fe-based MCM published so far with RCpywin = 166 kg=1),

with a similar ASl'\’/}( value [19].

increases

by ~33% with respect to FegyB1,Crg amorphous

A phenomenological universal curve for ASy; has been proposed
[41] to extrapolate magnetocaloric properties to magnetic fields
and/or temperatures which are unavailable in various laboratories,
enabling comparison of the performance of different MCM. Its con-
struction is achieved by (a) the normalization of ASy (T) curves
with respect to their peak values (e.g., AS' = ASM(T)/AS}\’,[k) and
(b) rescaling the temperature axis as [44,45]:

T-Tc
=TT (6)

where T; is the reference temperature selected in correspon-
dence to AS(T;) = 0.5AS,‘\’,}<. The theoretical justification for this
phenomenological construction of the universal curve has been
previously reported [45]. The rescaled magnetic entropy change
curves for different maximum applied magnetic fields of the as-
spun Gd5 ribbon is shown in Fig. 6. It can be seen that the data for
the series of alloys collapses onto the same universal curve.

4. Conclusions

The magnetocaloric response of Fegg_yB12CrgGdy alloys was
studied. Gd addition allows tuning the Curie temperature of the

alloys and enhances the thermal stability of the amorphous phase
against crystallization.

e Higher Gd content leads to a decrease in

ASK,Ik , the composi-

tional dependence of ASI'\’/}( shows a linear dependence with

magnetic moment of the alloys.
¢ The field dependence of ASIP\’,}“ and RCis in good agreement with

theoretical predictions of a power law dependence, the universal
curve for the ASy (T) is found to be applicable to this series of
alloys.

e The RC observed in Fe;9B1,CrgGd; amorphous alloys is ~29%
larger than those of GdsSi,GejgFep; and within 10% of
Fegy 5C02.75Ni 75Zr7B4Cuy.

e The tunable T¢ around room temperature makes this alloy series
potentially useful for the development of multimaterial layered
magnetocaloric regenerators.
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