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In this work, magnetocaloric properties of the as-cast rods and melt-spun ribbons for Gd-based metallic glasses
are investigated. Different magnetocaloric responses in the rods and ribbons are observed and discussed. Under a
magnetic field change of 5 T, maximum magnetic entropy change (—ASj;™) values of 8.7 and 9.1 Jkg " 'K~ ! are
obtained for the as-cast GdssCo19Al»4Si1Fe; and GdapDyapEragCo20Alsg rods, which are obviously larger than
those of 7.8 and 7.7 Jkg 'K~ for their ribbon counterparts, respectively. In addition, the as-cast rods show

obviously larger exponent n values compared with the melt-spun ribbons, i.e., the —AS};* increases faster with
increasing applied magnetic field. The magnetocaloric difference is analyzed and can be mainly attributed to the
effects of the demagnetizing field, the oxide existence and the microstructural differences in ribbons and rods.
The glassy rods exhibiting larger magnetocaloric effect are more attractive for the application of magnetic re-

frigerants.

1. Introduction

Magnetocaloric effect (MCE) is detected as the heating or cooling of
magnetic materials derived from the magnetic ordering or disordering
under a varying magnetic field. Magnetic refrigeration based on MCE
exhibits relatively high refrigeration efficiency and eco-friendliness,
which makes magnetic refrigeration one of the most extensive research
subjects both in condensed matter physics and material science [1-6].
Compared with Gds(Si, Ge), compounds, La(Fe, Si);3 type alloys and
NiMn-based Heusler alloys [7-9] exhibiting giant MCE in a narrow
temperature range around the Curie temperature (T¢) but large hys-
teresis and loss, materials with second order phase transition, like pure
Gd and amorphous alloys exhibiting a broader transition temperature
range accompanied with negligible thermal and magnetic hysteresis,
are conducive to magnetic refrigerators designed with Ericsson cycle
[1,2]. Due to the unique properties superior to the crystalline alloys,
such as tunable T¢ with modulatory compositions, high corrosion re-
sistance, as well as fine molding and processing behavior, metallic
glasses (MGs) have attracted intense interest in magnetocaloric material
researches [2,10]. In the past decades, effect of constituents, structure,
effective magnetic moment and applied magnetic field on the MCE of
MGs have been widely studied. Especially, a number of rare earth (RE,
e.g. Gd, Tb, Dy, Ho and Er)-based glassy alloys showing large MCE have

been developed, and field dependence of MCE as well as universal
curves were well established for predictions of refrigerant systems
[11-13].

Since the first amorphous alloy was prepared by Duwez using
quenching method, fast cooling techniques have been generally used to
produce amorphous alloys, including melt spinning, cooper mold
casting and melt-extraction methods, etc. [14-16]. Samples prepared in
bulk, ribbon, particle and wire-shaped forms showing different MCE
responses were investigated [16-19]. Amorphous samples with the
same composition obtained by these different preparing methods can
show differences in microstructures that affect MCE [15,17,20]. In
addition, several factors during the preparation can also influence the
MCE of the alloys, such as the sample geometry and the remnant im-
purities or contamination [18,20,21]. It was reported that there is al-
ways a layer of native oxides on top of the glass surface or even oxide
impurities in the inner part, especially MGs containing reactive RE
metals [6,22-24]. In this work, the differences in magnetocaloric be-
haviors between the as-cast rods and melt-spun ribbons of
Gdss5C010A154Si1Fe; [25] and Gd,oDyagEragCospAlyy [26] MGs were
studied, and the influence of demagnetizing field and oxygen effect on
the magnetic behavior was investigated.
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Fig. 1.DSC traces of the as-cast rods and melt-spun ribbons for
Gds5C020Al24Si;Fe; and GdaoDy20Er2oCos0Aly alloys.

2. Experimental

Mother alloy ingots with nominal compositions of
Gdss5Co19A154Si1Fe; and GdooDyaoErsgCospAlyy were prepared by arc-
melting a mixture of raw materials with purities above 99.9 wt% under
high purity argon atmosphere. Ribbons with a width of 1.5mm and a
thickness of 35um were produced by single-roller melt spinning
method, and cylindrical rods with a diameter of 1 mm were prepared by
copper mold casting method. Both the ribbons and rods were prepared
under vacuum condition about 8 x 10~ Pa. Amorphous nature of both
the as-cast rods and melt-spun ribbons was confirmed within the sen-
sitivity limitation of X-ray diffraction (XRD, Bruker D8 Advancer) with
Cu Ka radiation. Thermal analyses were performed by differential
scanning calorimetry (DSC, NETZSCH 404 F3) and magnetic properties
were measured using a Magnetic Properties Measurement System
(MPMS, Quantum Design). In addition, the ribbons were aligned with
the applied field contained in its plane, and magnetic field was applied
along the axial direction of rods. The morphology and elemental com-
position of surface and inner part for the ribbons and rods were de-
tected using a scanning electron microscope (SEM, FEI Sirion 200)
using an energy dispersive spectrometer (EDS). The ribbon and rod
samples for inner part detection were polished before measurement,
and the thickness of the polished ribbon is about 20 um. The oxygen
content of the melt-spun ribbons and as-cast rods was analyzed using an
O/N Analyzer (Leco CS844).

3. Results and discussion
Fig. 1 displays the DSC traces of melt-spun ribbons and as-cast rods

Table 1
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for GdssCo19Al4Si1Fe; and GdagDyooEragCos0Alsg alloys. Glass transi-
tion followed by several crystallization exothermic peaks can be ob-
served in all the detected samples. No obvious difference in glass
transition temperature (Ty) is observed between ribbons and rods while
the ribbons show lower initial crystallization temperatures (Ty) than
those of their rod counterparts, as listed in Table 1, and thus larger
supercooled liquid regions (AT = Ty — T,) are obtained in the as-cast
rods. The crystallization enthalpies of the samples are calculated, and a
slight larger crystallization enthalpy can be found in the rods as listed in
Table 1 as well. No detectable sharp Bragg peaks corresponding to
crystalline phases in both the ribbons and rods are detected, therefore
differences in microstructures that influence the crystallization should
be conjectured in the prepared ribbons and rods.

Temperature dependence of magnetization (M-T) curves for both
the ribbons and rods under an applied magnetic field of 0.02T for
GdssCo19Al54Si1Fe; and GdooDyaoEragCospAlsg alloys are shown in
Fig. 2(a) and (b), respectively. An obvious ferromagnetic to para-
magnetic phase transition over the measured temperature regime can
be seen in each sample. Determined from the minimum of dM/dT
curves, the as-cast rod and melt-spun ribbon exhibit almost the same T¢
as listed in Table 1. As shown in Fig. 2(a) and (b), the magnetization
curves of the ribbon and rod samples overlap above the T whereas
divaricate obviously below T¢, and the rods show obviously lower
magnetizations than those of the ribbon counterparts. This could be
attributed to the effect of demagnetizing field in the rods with large
diameter to length ratio [21] and other possible magnetic anisotropy.
The reciprocal susceptibility for the samples is illustrated in the upper
right insets in Fig. 2(a) and (b). Linear relationship between the re-
ciprocal susceptibility and the temperature at high temperature region
can be seen for each sample, which obeys a typical Curie-Weiss law. The
Curie-Weiss fitting results of positive Weiss constants (6p) verify the
ferromagnetic-paramagnetic phase transition in the samples. Despite
the smaller magnetization, larger effective moment (ues) values are
obtained for the rods (7.4 and 8.8 pp for GdssCo19Al24SizFe; and
GdoDy20Er0Cos0Alsg, respectively) compared with their ribbon
counterparts (6.5 and 7.3 pug for GdssCoj0Alx4Si;Fe; and
GdDy20ErsgCo20Alsg, respectively). Generally, a larger p.¢ value often
corresponds to a more distinct magnetocaloric response in a magnetic
refrigerant, therefore larger magnetic entropy change (AS),) values can
be expected in the as-cast rods under a certain magnetic field. Ad-
ditionally, it is worth noting that the magnetization of the rod of
GdssCo19Al54Si Fe; keeps constant below Tc as shown in Fig. 2(a),
which is also observed in other works [27-29]. M-T curves of
GdssCo19Al54Si Fe; rod under different applied fields were measured
and shown in the lower left inset in Fig. 2(a). It can be seen that the
magnetization increases and the curve tends to be smooth like that of
the ribbon as the applied magnetic field increases.

Hysteresis loops under a magnetic field of 5T at 5 and 300 K were
measured for the rod and ribbon of GdssCo;9Al»4Si;Fe; alloy as shown
in Fig. 3. Both the melt-spun ribbon and as-cast rod exhibit ferromag-
netic performance at low temperature while paramagnetic character at

The glass transition temperature (Ty), crystallization temperature (T), supercooled liquid region (ATx = Ty — Tj), crystallization enthalpy (AH), Curie temperature
(T¢), maximum magnetic entropy change (— ASy™), refrigeration capacity (RC) under a magnetic field change of 5T, and exponent n of as-cast rods and melt-spun
ribbons of GdssCo19Al»4Si1Fe; and GdaoDy2EragCoz0Alyg alloys compared with some other Gd-based alloys.

Sample T, (K) Ty (K) ATy (K) AH (J/g8) Tc (K) SASE™ (Jkg K™Y RC (Jkg™h) n Oxygen content (%) Refs.
Gds5C019Al1,4Si; Fe;-ribbon 600 664 64 49.7 107 7.8 749 0.73 0.1693 This work
Gds5C079Al1,4Si; Fe;-rod 598 672 74 50.8 108 8.7 810 0.77 0.1527 This work
Gd2Dy20Er20C020Alx-ribbon 610 642 32 48.9 42 7.7 523 0.84 0.4836 This work
Gd2Dy20Er20C020Alz0-rod 611 649 37 51.6 43 9.1 619 0.90 0.2987 This work
GdssNisoAlss 588 642 54 - 71 7.98 782 - - [12]
GdaoHo20Er20C020Alo0 612 652 40 - 37 11.2 627 0.85 - [13]
Gds2.5C016.5A13; 601 671 70 - 95 9.8 910 - - [19]
GdssNipsAlygZny 552 591 39 - 82.5 9.33 849 0.90 - [28]
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Fig. 2. Temperature dependence of magnetization curves for GdssCo20Al24Si Fe; (a) and GdapDy20Er20Cos0Alag alloys (b) under a field of 0.02 T. The left bottom
inset in (a) shows the temperature dependence of magnetization curves for GdssCo20Al24Si;Fe; alloy under different applied field. The upper right insets show the

plots of H/M ratio versus temperature.

room temperature. In addition, distinct soft magnetic characteristics,
for instance, large saturation magnetization, overlapping loops and
negligible coercivity (about 0.0035 T as shown in the inset) can be seen,
demonstrating a negligible hysteresis loss that is favorable to re-
frigerant applications. As the applied field increases, both the ribbon
and rod are magnetized and get saturated rapidly under a low magnetic
field. Owing to the influence of demagnetizing field, the rod sample get
saturated at higher applied field compared with the ribbon counterpart
[28]. Nevertheless, the as-cast rod shows obviously higher saturation

magnetization than that of the ribbon.

Isothermal magnetization (M-H) curves for GdssCo19Al24Si;Fe; and
GdoDy20ErsgCos0Alsg alloys were measured under a varying magnetic
field of 0-5T at a series of temperatures. The sweep rate was slow
enough to ensure that the data were obtained in an isothermal condi-
tion. As displayed in Fig. 4, a ferromagnetic-paramagnetic phase tran-
sition is verified in all the ribbons and rods, which is in accordance with
their M-T curves. Furthermore, smaller susceptibilities but higher sa-
turation magnetizations in the rods can be seen by contrast with their
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Fig. 3. The hysteresis loop of the as-cast rod and melt-spun ribbon for GdssCo20Al»4Si;Fe; alloy at 5 and 300K, respectively. The inset exhibits the amplification
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Fig. 4. Isothermal magnetization curves for the as-cast rods and melt-spun ribbons of GdssC020Al»4Si;Fe; and GdapDy20Era0CozAlyg alloys.
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ribbon counterparts. The MCE of a refrigerant is mainly evaluated by
the ASy, which can be derived from Maxwell relation by integrating
over the isothermal M-H curves [1]:

Hmax OM

88y (T, pgH) = S(T, toH) = S(T, 0) =ty f} " =CdH W

where Hyy.x and Hp,;, represent the maximum and minimum values of
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the applied magnetic field, and H,;, is defined as OT in this work.
According to Eq. (1), —ASy, as a function of temperature with magnetic
field change of 5T were calculated for GdssCoi9Al4Si;Fe; and
GdoDy20Era0Coz0Alsg alloys, respectively, as shown in Fig. 5. It can be
seen that the —ASy;™ locates in the vicinity of T¢ for all the samples. It is
obviously that the rods exhibit larger —AS,, values than the ribbons. In
particular, larger difference values between ribbons and rods is ob-
tained in the Gd,Dy,oEryoCospAly alloy. Additionally, refrigeration
capacity (RC) is another important parameter usually used to estimate
the MCE [1],

where 8Trwpy is the full width at half —ASy*. The calculated —ASj;™
and RC values under magnetic field of 5 T for both ribbons and rods are
listed in Table 1. Obviously, larger —ASy;* and RC values are obtained
in the as-cast rods rather than the melt-spun ribbons.

For materials with second order phase transition, the —ASy** value
increases with increasing applied field H and follows a scaling law [30]:

—ASI « H” 3)

The field dependence of —ASy;** and the fitting curves using Eq. (3)
of both melt-spun ribbons and as-cast rods for GdssCo;9Al,4Si;Fe; and
GdDy20EragCos0Also alloys are displayed in Fig. 6(a) and (b), re-
spectively. And the obtained n values are listed in Table 1 as well. The n
values are close to the values of other reported amorphous alloys and
deviate from the value of 2/3 corresponding to mean field theory
[2,31,32]. The larger n values in amorphous alloys possibly originate
from the local inhomogeneity existence, e.g., chemical short-range
order or impurities [33]. As listed in Table 1, the n values of as-cast rods
are obviously larger than those of their ribbon counterparts, demon-
strating that the —AS;;* of the rods increase more rapidly with the
increasing magnetic field, i.e., the rods exhibit more drastic magneto-
caloric response than the ribbons with increasing magnetic field. The
phenomenon that samples with the same compositions show different n
values was analogously observed in Co-based amorphous alloys with
different demagnetizing field [18,34]. The mechanical alloying or ball
milled Co-based amorphous powders with larger demagnetizing field
exhibit larger n values compared with the rapid quenching ribbons. The
as-cast rods with larger diameter to length ratio exhibit larger de-
magnetizing field in this work, resulting in the larger n values. In order
to compare the properties of different materials, a phenomenological
universal curve for the —AS), has been proposed. It is constructed by
normalizing the —AS); curves with respect to the AS}™* and rescaling
the temperature axis [35,36]:

6 =(T- T - Tc) Q)

where T, is the reference temperature of each curve. The T, corre-
sponding to ASy (T.)/ASy™ = 0.7 was selected in this work, and uni-
versal curves of as-cast rods and melt-spun ribbons for
GdssCo19Al54Si1Fe; and GdaoDy20Era0Cos0Alsg alloys are displayed in
Fig. 7(a—d). For each sample, all the normalized curves collapse onto a
single curve demonstrating universal behaviors, which certifies the
second order phase transition nature in these MGs [11]. The universal
curve is also reported as an available method to analyze the influence of
demagnetizing field, and the larger difference of reduced magnetic
entropy change below T, the larger influence of demagnetizing field
[37]. As shown in Fig. 7, the rods and ribbons shows inconspicuous
difference of the reduced magnetic entropy change at the same reduced
temperature, demonstrating the small demagnetizing field effect in the
rods.

To further explore the difference, the morphology and the compo-
sition of the samples were detected using SEM and EDS analyses, and
the results are displayed in Figs. 8 and 9. For GdssCo19Al54Si;Fe; alloy,
smooth ground with almost no particles can be seen on the surface of
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the as-cast rod (Fig. 8(a)), and few pits or particles in the inner part of
rod can be observed as shown in Fig. 8(b). On the contrary, particles
with different sizes randomly distribute on the free surface of the melt-
spun ribbon that expose to the protect atmosphere (Fig. 8(c)), besides,
some particles embedded in the inner part of the polished ribbon as
shown in Fig. 8(d). The compositions of the particles in the sample were
detected by EDS and the microanalysis result is shown in Fig. 8(f). The
detection of high intensity peaks associated to oxygen and Gd indicates
that these particles would correspond to Gd oxides. As shown in Fig. 9,
apparently more oxide particles can be observed in both the surfaces
and the inner parts of the Gd,oDy2oEr20Co20Al,¢ samples than those of
the GdssCo;9Al>4Si Fe; alloy, which can be ascribed to the higher RE
content in the GdyoDy20Ers0CosAlyg alloy as well as the Dy and Er
containing, which exhibit stronger affinity with oxygen than Gd. The
detection of high intensity peaks associated to oxygen, Dy and Er in-
dicates that the particles in this alloy would be mainly Er and Dy oxides
(Fig. 9(f)). Spots are verified as RE oxides and embed in the matrix in
both ribbons and rods, and the rods show apparently less oxides and
impurities than the ribbons for both Gd-based MGs. Even though the
ingots and samples were prepared in high vacuum and under protective
argon atmosphere, oxidation is reported ineluctable for the amorphous
alloys during the manufacturing [22,38]. It was reported that proper RE
elements addition improves the GFA of Mg- and Fe- based alloys by
scavenging oxygen impurities with the formation of innocuous RE
oxides due to their stronger affinity with oxygen [24,39]. In this work,
large RE oxide formation is preferred in the MGs account for their large
enthalpies of formation (1819.6 kJ/mol for Gd»03, 1862.7 kJ/mol for
Dy,03, and 1897.9 kJ/mol for Er,05) and large content in the compo-
sitions [40]. Accordingly, the oxygen content in the samples were de-
tected and the results are listed in Table 1. It is obviously that the as-
cast rods contain less oxygen content than their ribbon counterparts.
Compared with GdssCoq9Al24SiFe; alloy, the GdsgDyooEra0CosoAlsg

alloy shows higher oxygen content and larger difference of oxygen
content between the ribbon and rod owning to its more RE containing.
These results are consistent with the SEM observation and the magne-
tocaloric properties.

Generally, the existence of oxides in the MGs is usually considered
detrimental to the formation and properties [41]. In this work, the
oxygen impurities affect the crystallization process as it induces the
formation of metastable phases which act as heterogeneous nucleation
sites that facilitate the crystallization, and accelerate the crystallization
process, resulting in the decrease of Ty, AT as well as the crystallization
enthalpy for the MGs with ribbon shape [42]. In addition, it is found
that proper clusters and nanocrystallites embedded in the amorphous
matrix contribute to the enhancement of magnetization and MCE for
the Gd-based MGs while excess crystallizations deteriorate the mag-
netization and MCE [10,43]. It is well known that the cooling rate in the
fabrication process of bulk samples is usually lower than that of rib-
bons. During the cooling process, more short-range order, medium-
range order or even nanocrystallines embedded in the disordered ma-
trix are supposed to precipitate in the rods than in the ribbons [17].
Therefore, the higher magnetization in the rods is likely related to the
higher structural ordering in the samples than that of ribbons. And
proper formation of short-range order and the medium-range order in
the rods should improve their MCE to a certain extent. Besides, the
oxide impurities in the samples should act as barriers that impede the
magnetic moment rotation, and the pinning effect results in a large
random magnetic anisotropy and small magnetization, thus leads to a
smaller — ASy, and deteriorates the MCE of the MGs especially the
ribbons. The formation of RE oxides embedded in the matrix, the
structure heterogeneity and the demagnetizing factor account for the
different magnetocaloric effect between the ribbons and rods.
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Fig. 8. SEM images of the surface (a) and inner part (b) of the rod, and the free surface (c) and the inner part (d) of the ribbon for GdssCo20Al»4Si;Fe; alloy. The
selected region marked in (c) is magnified as shown in (e), and the EDS result of the marked particle in (e) is shown in (f).

4. Conclusion

In this work, magnetocaloric properties in the as-cast rods and melt-
spun ribbons of Gds5C019Al,4Si;Fe; and Gd,oDy2oEragCospAlsg MGs are
investigated. The results can be concluded as follows:

(1) Under a magnetic field change of 5T, —ASy* values of 8.7 and 9.1
Jkg 'K~! are obtained for the as-cast GdssCo,0Al,4Si;Fe; and
GdoDy20EragCosAlyg glassy rods, respectively, which are ob-
viously larger than those of 7.8 and 7.7 Jkg " 'K~ ! for their ribbon
counterparts.

(2) Compared with melt-spun ribbons, the as-cast rods show larger
exponent n values (i.e., the —AS};™ increases faster as the applied
magnetic field increases), which can be mainly attributed to the

demagnetizing field caused by the large diameter to length ratio
and local heterogeneous structures.

(3) The existence of RE oxides embedded in the samples is found to be
detrimental to the formation and MCE in the RE-based magneto-
caloric materials. The melt-spun ribbons with more oxides show
distinctly smaller MCE comparing with the rods containing less
oxides and impurities.
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Fig. 9. SEM images of the surface (a) and inner part (b) of the rod, and the free surface (c) and the inner part (d) of the ribbon for Gd,oDy20Er20C020Alyg alloy. The
selected region marked in (c) is magnified as shown in (e), and the EDS result of the marked particle in (e) is shown in (f).
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