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In this work, a small amount of Mn was added to a GdssNizsAlyg glass forming alloy, as areplacement for Ni,
and a GdssNiy; MnsAlyg bulk metallic glass (BMG) was obtained by suction casting. Its glass forming ability
(GFA) was characterized by X-ray diffraction and differential scanning calorimetry, and its magnetic
properties were measured using a magnetic property measurement system. It is found that the minor
Mn addition can significantly improve both the GFA and the magnetocaloric effect (MCE) of the alloy.
The refrigerant capacity (RC) of the BMG can reach a high value of 825 ] kg~! under a field of 3979 kA/m,
which is about 29% larger than that of a GdssNiysAlyg BMG. The effect of the minor Mn addition on the
GFA and MCE of the BMG was investigated in the study.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs), as an emerging class of mate-
rials with unique disordered atomic configuration and excellent
properties, have attracted intensive research interest over the past
decades [1-5]. They have exhibited promising application poten-
tials as advanced engineering materials in industry due to their
ultrahigh strength up to 5 GPa for Co-based BMGs [6], 3 GPa for Ni-
based BMGs [7] and 2 GPa for Zr-Cu-based BMGs [8-10] at room
temperature. More recently, the excellent magnetocaloric effect
(MCE) of BMGs have also evoked considerable research interest
due to the potential as a class of functional materials in mag-
netic refrigeration technology [11-20]. The magnetic BMGs usually
undergo second order magnetic transition with broadened mag-
netic entropy change (AS;;) peaks resulting in high values of
refrigerant capacity (RC). They also exhibit some unique proper-
ties that are superior to those of crystalline alloys, such as: (i) soft
magnetic properties with nearly zero magnetic hysteresis, (ii) large
electric resistance, minimizing eddy current loss, (iii) high corro-
sionresistance and (iv) fine molding and processing behavior. These
characteristics are technically important for the use of BMGs as
magnetic refrigerants for Ericsson circulation [11-24].

Among the various magnetic BMGs, Gds5Niy5Alyg ternary BMG
has been shown to exhibit good glass forming ability (GFA) and
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excellent MCE [12]. Minor additions have been shown to be effec-
tive in improving the properties of BMGs [25,26]. In order to further
enhance the GFA and MCE of GdssNiy5Al;9 BMG, the minor addi-
tion of Mn as a replacement for Ni is adopted in the present
investigation. A GdssNiy;Mn3Alyg glassy rod is synthesized by the
conventional copper mold suction casting method. The effect of
the minor Mn addition on the GFA and MCE of Gds5NiysAl;,g BMG
is investigated.

2. Experimental

GdssNizsAlyg and GdssNizaMnsAlyg ingots were prepared by arc-melting 99.9%
(at.%) pure Gd, Ni, Al and Mn under a titanium-gettered argon atmosphere. The as-
castrods, with diameters 2 mm, were prepared by copper mold suction casting in an
argon atmosphere. The structure of the samples was characterized by X-ray diffrac-
tion (XRD) on a Rigaku Dpax-2550 diffractometer using Cu Ka radiation. The thermal
properties of the BMG were characterized by differential scanning calorimetry (DSC)
carried out under a purified argon atmosphere in a Perkin-Elmer DIAMOND DSC at
a heating rate of 20 K/min. The liquidus temperature of the samples was obtained
from the high temperature DSC curve measured by a NETZSCH DSC 404C at a heating
rate of 20 K/min. The magnetic properties of the BMG were measured from 10K to
300K by a Quantum Design Physical Properties Measurement System (PPMS 6000).
The AS,, of the sample, subject to the magnetic field (H) variation in an isothermal
process, was obtained by integrating over the whole magnetic field as follows:

H
ASu(T, H) = S(T, H) — S(T, 0):/ (%’) dH 1)
0 H

where M is the magnetization of the sample under a magnetic field H, at a tem-
perature T. The MCE of the BMG was studied by constructing the temperature
dependence of AS,, from the isothermal magnetization curve. As the refrigeration
capacity is regarded as a useful parameter when evaluating the MCE of refrigerant
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Fig. 1. (a) XRD pattern of GdssNi;MnsAlyo as-cast rod; (b) the DSC trace of
GdssNix; MnsAlyg as-cast rod at a heating rate of 20 K/min, the inset the melting
behavior of the rod.

materials for technological applications, the RC of the samples is also calculated as
follows:

RC = —ASP* 5 ATy, )

where AT, is the temperature width at the half maximum of — ASP*%,
3. Results and discussion

Fig. 1 shows the XRD pattern (a) and the DSC trace (b) of a
GdssNiy;MnsAlyg as-cast rod, with a diameter of about 2 mm. The
glassy characteristics of the as-cast rod are illustrated by the typ-
ical broad diffraction maxima of the amorphous phases in the
XRD pattern, and the endothermic glass transition behavior before
crystallization in the continuous DSC trace of the rod. The onset
temperature of glass transition (Tg) at a heating rate of 20 K/min
is about 553 K. Several exothermic crystallization reactions occur
after the glass transition, and the onset temperature of the first
step crystallization (Ty;) is about 603 K, at the same heating rate.
The melting and liquidus temperatures (T;; and T;) of the alloy are
about 922K and 955K, as marked respectively on the high tem-
perature DSC trace in the inset of Fig. 1(b). Thus, the supercooled
liquid region AT and the reduced glass transition temperature Trg
(Tg/T;) of the rod are about 50K and 0.58, respectively. The param-
eter y(Tx/(Tg+T;)) of the Gds5Niy;Mns3Alyg BMG is about 0.40, and
thus the critical cooling rate (R.) and the section thickness (Z;) of
the BMG can be predicted to be about 22.4 K/s and 4.9 mm respec-
tively. Compared to the values of a GdssNiysAlyg BMG [12], it is
found that minor Mn addition can definitely improve the AT, Tig,
y and Z, leading to improvement of the GFA and thermal stability
of the BMG.

Fig. 2 shows the hysteresis loops of the Gds5Niy» Mn3Alyg as-cast
rod, measured at 10K and 300K, under a field of 1592 kA/m. For
comparison purposes, the hysteresis loop of the GdssNiysAlyg as-
castrod at 10Kis alsoillustrated in the figure. The GdssNiy; Mn3Alyg
glassy rod is ferromagnetic at 10K and paramagnetic at room
temperature. The saturation magnetization (Ms) of the as-cast
Gds5NizyMnsAlyg rod at 10K is about 196 Am?2/kg, which is higher
than that of the GdssNiysAlyg as-cast rod (about 187 Am?2/kg). The
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Fig. 2. Magnetic hysteresis loops of the GdssNiy;Mn3Alyg as-cast rod at 300K and
10K, and the GdssNijsAlyo as-cast rod at 10K under a magnetic field of about
1592 kA/m, the inset the M-T curve of the GdssNix;Mn3Aly glassy rod under the
field of 23.9 kA/m from 10K to 300K.

higher M; value of the GdssNiy;Mn3Alyg as-cast rod indicates an
enlarged total magnetic moment, suggesting an enhanced mag-
netic entropy change, AS;, due to the minor Mn addition. The
temperature dependence of magnetization (M-T curve) under a
field of 23.9 kA/m from 10K to 300K is shown in the inset of Fig. 2.
The abrupt magnetization drop near the Curie temperature (T;) of
the BMG also suggests a higher AS; of the GdssNiy; MnzAl,g BMG.
The Curie temperature of the GdssNiy; Mn3zAl,g as-cast rod is about
90K, whichis higher than that of the GdssNiy5Alyg glassy rod (about
80K). The higher value of T; indicates a higher peak temperature of
the magnetic entropy change.

Fig. 3 shows the isothermal magnetization curves (M-H curves)
of the GdssNiy;MnszAlyg glassy rod, measured at temperatures
ranging from 20K to 160K under a magnetic field of 3979 kA/m.
By applying the thermodynamic Maxwell equation, the mag-
netic entropy changes of the GdssNiy;MnsAlyg glassy rod as a
function of temperature ((—ASp)-T curve) can be obtained, as
shown in Fig. 4(a). The BMG shows a typical broadened AS;
peak of ferromagnets with second order phase transition. The
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Fig. 3. Isothermal magnetization curves of GdssNix;Mn3Aly as-cast rod under a
magnetic field of 3979 kA/m.
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Fig. 4. (a) The (—AS,,)-T curve; (b) —ASP** as wall as RC of the GdssNiz;MnsAlyg
amorphous rod under the field of 796 kA/m, 1592 kA/m, 2387 kA/m, 3183 kA/m and
3979 kA/m.

peak —AS,, values (—ASP) of the as-cast GdssNixyMnsAlyg
rod under magnetic fields of 796 kA/m, 1592 kA/m, 2387 kKA/m,
3183kA/m and 3979kA/m, as shown in Fig. 4(b), are about
1.76] kg 1K1, 3.40] kg 1K1, 4.88Jkg 1K1, 6.25] kg~ K- and
7.54] kg~ 1K~ at a temperature of 90K, respectively. The — ASP?
of the GdssNiy;MnsAlyg as-cast rod is slightly lower but much
broader than that of a Gdss5NiysAlyg ternary BMG [15,17].

It should be noted that —ASP®* is not a unique parame-
ter for evaluating the MCE of magnetic refrigerants, especially
for ferromagnets with broadened but less intense —AS;; peak.
The refrigerant capacity, defined as the amount of heat that can
be transferred in one thermodynamic cycle, is a more impor-
tant parameter for the evaluation of MCE from the technological
point of view [21-23]. This parameter not only considers the
— ASP of refrigerant materials, but also takes into account the
shape of the (—AS;;)-T curve. It should be noted that ferromag-
nets with first order phase transition, such as GdsSi,Ge, and
Ni;Mn_,CuxGa, usually exhibit ATy, values lower than 30K, even
though they exhibit relative high — ASP® values [21,27]. While
amorphous samples, for example, GdssNiysAl,g BMGs, show a
much larger ATy up to 70K under a field of 2T [15,17]. In present
work, ATy of the GdssNipyMnsAlyg as-cast rod is about 58.5K
under 796 kA/m, 82K under 1592 kA/m, 95K under 2387 kA/m,
104K under 3183 kA/m and 109.5K under 3979 kA/m. ATy of
the GdssNiy;MnsAlyg as-cast rod is obviously enlarged by the
minor Mn addition. As a result, associated with the —ASP? | the
RC of a GdssAlgNiy;Mns as-cast rod reaches about 103]kg!
under 796kA/m, 279]kg~! under 1592kA/m, 464]kg~! under
2387 kA/m, 650]Jkg~! under 3183kA/m and 825]kg-! under
3979 KkA/m, as shown Fig. 4(b). The RC value of GdssNiy»;MnsAlyg
BMG is much larger than the pure Gd (517]Jkg~! under 5T)
[28,29] and for most of the other Gd-based amorphous alloys
reported previously, such as GdssCoyAly5 BMG (541]kg~! under
ST) [13,16,17], Gd55Ni25A120 BMG (622]1{g71 under ST) [15,17],
Gd53A124C02()ZI‘3 BMG (590] kg* under5 T) [13], Gd33 El‘22A125 Coyo
BMG (574] kg_l under 5 T) []3], Gd32Tb25A122 Coyo BMG (642_] kg_1
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Fig. 5. Plot of ratio H/M as a function of temperature of GdssNi;;MnsAl,g as-cast
rod under the field of 23.9 kA/m.

under 5T) [19], Gd;;Fe3Alys amorphous ribbon (750 kg~ under
5T) and GdgsFe,ypAlis amorphous ribbon (750]kg~! under 5T)
[20]; let alone the crystalline compounds such as GdsSi;Ge,
(305] kg~ under 5T) [21,30], Gd5Sny (400]kg~! under 5T) [31]
due to their narrow MCE temperature range. The high RC value
makes the GdssNiy; Mn3Al,g BMG an attractive candidate for mag-
netic refrigerants.

According to the above results, it is found that the replace-
ment of Ni with small amount of Mn not only affects the — ASP¢%
value, but also increases AT, dramatically, thus enhancing the RC
of the BMG significantly. The broadened ATy, is usually regarded
as a result of second order phase transition due to the disordered
structure of amorphous alloys, while the enhanced RC value is sup-
posed to be closely related to the enlarged magnetic moment of
the BMG by micro-alloying. It is known that the MCE of a fer-
romagnetic material is commonly characterized by the entropy
change in an isothermal process, and the entropy change is mainly
caused by the reduced magnetic part of the total entropy due
to the ordering of the magnetic moment under a magnetic field
[24]. The increase of magnetic moment will definitely result in
an enhanced RC value in a sample. The magnetic moment of a
Gds5Niyy MnsAlyg glassy rod is found to be about 6.5645, which is
higher than that of the Gdss5Niy5Al,0 BMG (about 6.461). It could
be the reason for the enlarged Ms and RC of BMGs by the minor
Mn addition. A more useful way to evaluate the magnetic moment
of the Gds5Niz;Mn3Alyg amorphous alloy is to calculate the effec-
tive magnetic moment (i) from the temperature dependence of
H|M of the BMG according to the Curie-Weiss law. A plot of the ratio
H[M as a function of temperature (H/M-T curve) under the a field of
23.9kA/m is shown in Fig. 5. The tef of the GdssNiz; Mnz Al BMG,
as shown in Fig. 5, is about 7.28 45, and is also larger than that of
a Gds5NipsAl0 BMG (about 7.2 45 obtained from the M-T curve of
Gds55Niy5Al0 BMG under 79.6 kKA/m [15]). The higher RC value of the
Gds5Niy; MnsAlyg BMG compared to that of a GdssNiysAlyg BMG is
likely due to the higher ¢ value. The relatively high value of 5
of the GdssNip;Mn3Alyg which is much closer to that of a Gd3* ion
(7.9414) can be attributed to the strong interaction of the magnetic
moment between the rare-earth element with 4f-electrons and the
transition metal element with 3d-electrons.

4. Conclusion

A Gds5Niy; MnsAlyg BMG with excellent GFA and MCE was syn-
thesized by copper mold casting through the minor substitution
of Ni with Mn in a GdssNiy5Alyg glass forming alloy. It was found
that the AT, Tyg, ¥ and Z; values of the Gds5Niz; Mn3Alyg glassy rod
are larger than those of GdssAlgNiy5 BMG, revealing the improved
GFA and thermal stability through this minor Mn addition. Mag-
netic measurements at different temperatures have illustrated a



L. Xia et al. / Journal of Alloys and Compounds 509 (2011) 6640-6643 6643

higher M; of the Gds5Niy; Mn3Alyg (about 196 A m2/kg) than that of
a GdssAlygNiys BMG (about 187 Am?/kg) under the same magnetic
field of 1592 kA/m. The (-ASy;)-T curve derived from the isother-
mal M-H curves further reveals that the minor Mn addition does not
only affect the — ASP*™ value, but also increases AT, dramatically,
resulting in the enhancement of the RC of the GdssNiy;Mn3Alyg
BMG. The RC of the GdssNi;;MnsAlyg BMG is found to be about
825]kg~! under a field of 3979 kA/m, which is much higher than
most of the other alloys reported previously. It is considered that
the improvement is closely related to its large p.q (about 7.281p)
obtained from the H/M-T curve according to the Curie-Weiss law.
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