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Abstract

For room-temperature magnetic refrigerators, magnetocaloric materials are critical for
their performance and reliability. Among various magnetocaloric materials, Fe-based
metallic glasses, especially in the FeZrB system, have been intensively studied recently
due to their promising properties such as low fabrication cost and broad magnetic
entropy change peak. In order to further improve the magnetocaloric effect (MCE), the
influence of minor additions of Co, Er, Sm and Mn on the MCE of FeZrB-based
metallic glasses was systematically investigated in this work. The composition-

dependent Curie temperatures (T ) were studied and the magnetic field-dependent MCE

was investigated. In two compositions, FegsZr;B;Co, and FegeZrgB4Sm,, it was found
that their Curie temperatures were close to room temperature and the values of the
refrigerant capacity and peak magnetic entropy change were larger than those reported

for Fe-based metallic glass at room temperature.
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1. Introduction

After the discovery of the influence of an external magnetic field on the temperature of
magnetic materials in 1860 [1], the magnetocaloric effect (MCE) was reported by
Warburg twenty years later [2]. This effect did not attract much attention until 1976
when Brown [3] first reported that magnetic refrigeration (MR) near room temperature
could be realized on the basis of the magnetocaloric effect. The advantages of MR are
due to its superior performance when compared with the conventional gas
compression/vaporization refrigeration technology. MR is more energy saving and is
more environmentally friendly [4, 5]. MR can achieve a coefficient of performance
(COP) as high as 15 as compared to 2 to 6 for conventional refrigeration methods [6].
For conventional refrigeration technology, hazardous gas is needed, which causes a
serious ozone-depletion problem. Whereas no hazardous gas is required for MR,

making MR much more environmentally-friendly.

In order to realize the application of room temperature magnetic refrigeration, it is
critical to synthesize a working material with a magnetocaloric effect sufficiently large
near room temperature. The MCE of a magnetic material can be quantified by either of
the two key parameters [7]: the isothermal magnetic entropy change (AS,,) and the
adiabatic temperature change (AT ;). The refrigerant capacity (RC) should also be
taken into account when a magnetic material is considered for MR applications. To
quantify the RC, two main variables are used: the peak magnetic entropy change (A

Spifllk) and the working temperature range (AT)[8]. Compared with materials that

undergo first-order magnetic transition with high but narrow magnetic entropy change



peaks, those that undergo second-order magnetic transition with broadened magnetic
entropy change peaks are preferred. The working materials are expected to be effective
in a relatively wide temperature range in order to ensure that the magnetic refrigeration
system has good performance at different temperatures. Fe-based amorphous alloys
with enhanced properties have attracted much attention since their first discovery in
1967 by Duwez [9-19]. Some of the properties are advantageous over other materials
with regard to the MR applications, for example, broad magnetic entropy change peak
resulting in high refrigerant capacity; high electric resistance and nearly zero magnetic
hysteresis losses resulting in a low energy loss and the possibility of working at high
frequencies; low cost resulting in lower manufacturing costs; formability over a wide

compositional range resulting in easily tunable Curie temperatures (T ) [14]. For most

Fe-based amorphous materials, their Curie temperatures are much higher than room
temperature. In such circumstances, the MCE of these materials under room

temperature is much lower than its maximum value which peaks around (T ). Fe-Zr-B

series metallic glasses, however, are more promising candidates for the application of

room temperature magnetic refrigeration due to their T . being relatively nearer to the

room temperature. The effect of elements doping on the magnetic properties of Fe-
based amorphous alloys has been studied in literature [20, 21] and they show that
adjusting the compositions is a feasible method to obtain materials with desired
properties. In this work, different new minor additions into FeZrB systems were
attempted and the effect was investigated in order to further understand the relationship

between MCE and its composition.

2. Experimental details and data analysis



Based on the findings for FeZrB ternary alloys reported in the literature and from our
previous work, FeggZrgB4 (numbered as FZB001) amorphous alloy was selected as the
master alloy composition for the subsequent minor additions due to its relatively large
magnetic entropy change (0.884 J/kgK under 1.5 T), its Curie temperature close to room
temperature (280 K) and large refrigerant capacity (106.08 J/kg under 1.5 T). Ingots of
FeZrB based alloys with different minor additions (Co, Er, Sm and Mn) were prepared
from raw metallic materials with purity above 99.9% (at.%). The compositions are

listed in the following table.

Number Composition Number Composition
FZB001 FegnggB4 FZB203 Feg5ngB4Er3
FZB101 Feg;ZrsB4Co; FZB301 Feg;ZrgB4Sm,
FZB102 FegGngB4C02 FZB302 FegézrgB4Sm2
FZB103 Feggzr7B4C01 FZB303 FegSZr8B4Sm3
FZB104 Feg7ZI'7B4C02 FZB401 F687ZI'8B4MI'11
FZB105 FngZI’gB3C01 FZB402 Feg6ngB4Mn2
FZB106 Feggzr7B3C02 FZB403 Feg5ZI'gB4MIl3
FZB107 F€g7ZI'7B3C02 FZB404 Feg()ngB4Mn8
FZB201 Fe87ngB4Er1 FZB405 Fe7nggB4Mn10
FZB202 FegézrgB4Er2

The ingots were melted repeatedly at least six times in an arc-melting machine under
an argon atmosphere in order to ensure their homogeneity. A melt-spinning machine
with single roller under an argon atmosphere was used to fabricate ribbons from the
ingots. The dimensions of the as-spun ribbons were 0.05 mm in thickness and 1.5 mm
in width. X-ray diffraction (XRD) measurement was performed with a Rigaku
diffractometer with Cu-Ko radiation to check whether the as-spun ribbons were
amorphous or not. The magnetic property related experiments were performed on a
Quantum Design vibrating sample magnetometer (VSM). The magnetic hysteresis
loops at different temperatures were obtained, with the measurements being conducted
in a changing magnetic field between 0.7 T and -0.7 T, in steps of 0.007 T. The

magnetization investigations were performed under temperatures from 150 K to 400 K



at 10 K per step, and in a changing magnetic field increasing from 0 to 1.5 T in 0.005
T steps. The magnetocaloric effect (MCE) of the as-spun ribbons was obtained by

calculating the working temperature range (AT) and the peak magnetic entropy change
(ASpif;k). The magnetic entropy change (AS,,) was then calculated from the results of

the magnetization curves under different temperatures. The detailed procedures for

calculating these parameters are given in previous work[22].

3. Results and discussion

Since the experimental curves obtained for all the compositions are of similar shapes,
the FZB001 and FZB201 samples were used as typical examples in this work to
illustrate the results. Fig. 1a shows the XRD results of all the as-spun ribbons. All of
the ribbons exhibit only a broad wave pack, around 2@ = 45° and no appearance of

sharp crystalline peaks, which indicates that all the as-spun ribbons are amorphous. The



patterns in Fig. 1b are the magnified XRD results of FZB001 and FZB201.
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Figure 1 (a) XRD results of all as-spun ribbons (b) XRD results of FZB001 and FZB201
ribbons

Fig. 2 shows the temperature-dependent magnetization curves of the as-spun ribbons
FZB001 and FZB201 for illustration. The curves were measured at different
temperatures from 150 K to 400 K in 10 K steps. The applied magnetic field was 0.03

T. The inset curve is the temperature-dependent differentiation of the magnetization



with respect to the temperature (4M/dT). The Curie temperature was determined at the

point where dM/ar reached its minimum value.
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Figure 2 Temperature-dependent magnetization curves of the as-spun ribbons (a) FZB001
and (b) FZB201 ribbons. The insets are the temperature-dependent differentiation of the
magnetization with respect to the temperature

A molecular theory can be applied to explain the change of the Curie temperature in

different compositions[23].



T. = J(r)Z,S(S +1)/3k, (1)

where T corresponds to the Curie temperature, ] (r) to the distance dependent
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Figure 3 Isothermal magnetization curves of the as-spun ribbons (a) FZB001 and (b)
FZB201 ribbons
exchange between atoms, Z.. to the coordination number of the T (T=Fe) site, S to the

spin quantum number and k, to the Boltzmann’s constant. Among the four minor

addition elements, the radii of the Er and Sm atoms are similar and both are much larger



than that of Fe atom; the radius of the Mn atom is slightly larger than that of the Fe atom
and the radius of the Co atom is slightly smaller than that of the Fe atom. As the amount
of the substitution elements increases, the number of the alloying atoms surrounding

the Fe atom site increases, which increases the value of Z T The variation of distance
(r) between the Fe atoms was investigated by simulation on the basis of a random

model. For Fe atoms, | '(r) > 0. When Fe was substituted by 1 at.% Co, r increases

from 3.49 A to 3.59 A. Both the increased /() and increased Z r Work together to enlarge
T .. When Fe was substituted by 1 at.% Er or 1 at.% Mn, r decreases from 3.49 Ato

3.41 Aand 3.42 A respectively. As the amount of Mn increased from 1 at.% to 10 at.%,
r increases from 3.42 A to 3.44 A. When the addition amount was small, the effect of

Z, dominates T .. Consequently, T . tends to increase. As the amount of Mn increased,
the effect of J(r) became dominating and T . was suppressed due to the fact that more

antiferromagnetic coupling emerged with more short Fe-Fe bonds.
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Figure 4 Arrott plot for the FZB001 samples



The isothermal magnetization curves of the as-spun ribbons FZB001 and FZB201 are

presented in Fig. 3. The saturation magnetization decreases as the temperature increases.
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Figure 5 Magnetic hysteresis loops of the as-spun ribbons (a) FZB001 and (b) FZB201 ribbons
On the basis of the results of Fig. 3, the Arrott Plots of FZB001 were constructed in Fig.
4. According to Banerjee Criterion [24], a magnetic transition is considered as second

order when the slopes of Arrott Plots are positive. The positive slopes observed in Fig.



4 illustrates that that the ribbons undergo a second order magnetic phase transition

(SOMT).

Fig. 5 shows the magnetic hysteresis loops of the as-spun ribbons FZB001 and FZB201.
For each ribbon, the hysteresis measurements were taken both at 150 K and 400K,
corresponding to temperatures below and above the Curie temperature respectively. All
the loops show nearly zero coercivity and small hysteresis, which means all the ribbons
exhibit excellent soft magnetic properties.

On the basis of the magnetization results, the magnetic entropy change (AS,,) at

different temperatures can be obtained according to

H, )
AS(T,AH )= -[Hl (@M (T,H)/0T), dH and the temperature dependent magnetic
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Figure 6 Temperature dependent magnetic entropy change curves of FZB001 and FZB201
ribbons under a magnetic field of 1.5 T

entropy change curves of FZB001 and FZB201 ribbons under a magnetic field of 1.5 T



are shown in Fig. 6. The shape of the curves also confirms that the ribbons undergo
second order magnetic phase transition. The addition of Mn has a negative impact on
the magnetic entropy change of the ribbons, while Co has a positive impact. In respect
of the addition of Er and Sm, the impact was affected by the number of atoms of Er and

Sm. The change of |AS M| corresponded to the change of the saturation magnetization,

which was also studied in literature [25].

In order to make a better comparison with results reported by other researchers,

RC(AH ) = ‘AS DX X STy Was applied to calculate the refrigerant capacity in this

work. The magnetocaloric behavior of the as-spun ribbons including those investigated

in this study as well as in the literature is listed in Table 1. The MCE

Table 1 The magnetocaloric effect of the magnetic materials studied in this work and

reported in the literature

. peak
Nominal composition Structure 1;/13%51?%; T, c (K) éTF WHM ‘ASM JIl{{C_l Ref.
ie (XK) (J kg'K) (J kg™
FegsZ1rB Amorphous 1.5 280 120 0.884 106.08 This
384 Igby p . : ) work
This
Feg;ZrsB,Co, Amorphous 1.5 320 110 0.715 78.65 work
FegsZ1sB4Co, Amorphous 1.5 340 110 0915  100.65 VTVE;IS(
FegsZ1;B4Co, Amorphous 1.5 300 130 0672  87.36 VTVL’;S{
Feg,Z1;B4Co, Amorphous 1.5 330 130 0.774  100.62 VTVEE’(
FegsZrsB;Co, Amorphous 1.5 300 130 0799  103.87 VTVEE(
FegsZ1,B:Co, Amorphous 1.5 320 130 0.949  123.37 VTVE;IS(
Feg;ZtsB;Co; Amorphous 1.5 330 140 0.945 1326 VTVE;IS(
Feg,Z1r:B,Er Amorphous 1.5 300 100 0.829 82.9 This
§741gB4 1) p . : ) work
FegsZrsB.Er, Amorphous 1.5 300 100 0.607 60.7 VTVE;IS(
This
FegsZrsB4Er; Amorphous 1.5 310 100 0.800 80 work
This
Feg,ZrgB,Sm; Amorphous 1.5 300 110 0.705 77.55 work
FegsZrsB,Sm, Amorphous 1.5 320 100 1.116 111.6  This



work

FegsZrsB,Sm; Amorphous 1.5 330 110 0.809 88.99 vl;gi
Feg,ZrsB,Mn, Amorphous 1.5 280 110 0757 8327 VTVE;IS(
FegsZrsB,Mn, Amorphous 1.5 280 120 0.656 78.72 3;2;18'(
FegsZrgBsMnj, Amorphous 1.5 280 100 0.669 66.9 VTVEE
FewZrsBsMng  Amorphous 1.5 230 90 0.555  49.95 VTVE‘;S(
FessZrsBsMnyg Amorphous 1.5 220 90 0.483 43.47 vTvi)lils(
FegsZroBs Amorphous 1.5 330 120 1.13 135.6  [22]
FegoCryB1¢ZrsGd;  Amorphous 1.5 360 120 0.91 110 [26]
Fes5NboBs Amorphous 1.5 250 190 0.60 115 [27]
Fe;oNb;B 4 Amorphous 1.5 372 N/A 1.07 N/A [28]
(FezoNiz)geZr7B,  Amorphous 1.5 342 N/A 0.70 N/A [16]
FeguMn 4,CoSi19B;;  Amorphous 1.5 457 N/A 0.83 N/A [29]
Fe7;Nigg Amorphous 1.5 333 149 0.49 73 [30]
(FegsCoys)7sNbjoBys  Amorphous 1.5 440 124 0.82 102 [31]
GdssAlsFey Amorphous 5.0 222 197 2.7 532 [32]
GdgoFe,0CopAlyg  Amorphous 5.0 222 167 4.4 736 [33]
GdsSi,Ge, Crystalline 5.0 276 16.5 18.5 305 [34]

of ribbons in this work is generally better than that of Fe-based ribbons reported in the

literature. Higher ‘ASpi\;k| was obtained with T . closer to the room temperature. In the

meantime, these ribbons exhibit relatively large RC.

The magnetocaloric effect obviously has a positive relation with the applied magnetic

fields. In order to make a comparison between the results calculated under different

external magnetic fields, the relation between magnetocaloric effect and magnetic field

was investigated[35]:

|AS,,(T,H)| o< H"



where AS,,  is the magnetic entropy change, H is the external magnetic field, T is the

temperature and n is the critical exponent which is only affected by the intrinsic
properties of materials themselves. The temperature dependent n value curves of the
as-spun ribbon FZB001 under different magnetic fields are shown in Fig. 7. The n
values at different temperature points also confirm that the ribbons exhibit soft magnetic

properties: n ~ 0.77 at T .; n is close to 1 at temperatures far below T ; n is close to 2

at temperatures far above T .
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Figure 7 Temperature dependent n value curves under different magnetic fields of the as-
spun ribbon FZB001

Similar to the magnetic entropy change, the refrigerant capacity is also related to the

external magnetic fields and the relation was given by Franco[36] as:

1
RCoc H' T8 3)

Detailed calculation of § is given in previous work[22]. The result of the FZB001

1.1595

sampleis: RC o« H . With the help of Eq.(2) and Eq.(3), when the external magnetic



field changes from 1.5 T to 5.0 T, the peak magnetic entropy change of the FZB001

amorphous ribbon is 2.23 J/kgK at 280 K and the refrigerant capacity is 428.46 J/kg.

Compared with the well-known GdsSi,Ge, (|A5p7\:11k|=18.5 J/kgK, T =276 K and RC

=305 J/kg under 5.0 T), although the |ASpj:[1k| i1s not comparable, FZB001 exhibits

almost 1.5 times of RC and its T . is closer to room temperature.

4. Conclusions

In this work, amorphous ribbons with different minor additions (Co, Er, Sm and Mn) in
the master alloy FeggZrgB, were fabricated. The impact of different minor additions on
the magnetocaloric effect was investigated. Among all the ribbons, the FeggZr;B;Co,

(FZB006) ribbon exhibited the largest RC(123.37 J/kg) and FegsZrsB,Sm, (FZB302)

ribbon exhibited the largest |ASp7;k|(1.116 J/kgK). Both have a Curie temperature at

about 320 K, which is close to room temperature. The relationship between the
composition and the Curie temperature was investigated, which was determined by both
the inter-atomic distances and coordination numbers. The results theoretically gave
guidance in adjusting the Curie temperature of Fe-based alloys. Although the
relationship between the composition and the peak magnetic entropy changes was
characterized in this work, its detailed mechanism is yet to be fully understood and is

worth further study.
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