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The extraordinary magnetocaloric effect of FeggP13C7 bulk glassy rods has been studied. The magnetic
entropy change (ASy) and refrigerant capacity (RC) values under 1.5 T can reach 2.20 ] kg~' K~ and
125 ] kg, respectively, which are the largest values among present ternary Fe-based glassy alloys. It is
found that the magnetocaloric effect vs temperature curve gradually changes into two peaks with
increasing magnetic fields, leading to a much wider ASy peak and thus a larger RC. This extraordinary

magnetocaloric effect in FeggP13C; may be attributed to the coexistence of magnetic transition and spin

reorientation transition.
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1. Introduction

Magnetic refrigeration materials based on magnetocaloric effect
(MCE), due to their great merits such as environmental friendliness
and relatively high efficiency, have been regarded as a potential
alternative energy source to replace the conventional gas
compression/expansion refrigeration devices [1—6]. Until now,
several intermetallic compounds such as Gd-Si-Ge [7], La-Ca-Mn-O
[8], Ni-Mn-Ga [9], La-Fe-Si [10], Mn-Fe-P-As [11], Ni-Mn-Sn [12,13],
etc., display giant MCE originating from their first order magneto-
structural phase transitions. However, they are unfortunately
accompanied by large thermal and magnetic hysteresis that re-
duces operation frequency in refrigerator appliances [14]. In
contrast, soft magnetic materials are well known for their low
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hysteresis, owing to the fact that irreversible entropy can be avoi-
ded during magnetization and/or demagnetization [15]. Develop-
ment of magnetic refrigerants based on soft magnetic materials
could also allow the replacement of superconducting magnets with
permanent magnets for producing an external magnetic field [16].
As excellent soft magnetic materials, Fe-based glassy alloys, unlike
the crystalline materials in which the constituent atoms reside at
thermodynamic equilibrium, are metastable materials in far-from-
equilibrium states [17]. They have additional characteristics that are
desirable for magnetic refrigerants: higher electrical resistivity
than crystalline materials (which minimizes eddy current losses)
[18,19], high corrosion resistance [20], tunable transition temper-
ature by alloying [21], good mechanical properties (especially in the
case of bulk metallic glasses) [22,23], negligible magnetic hystere-
sis, and low cost, etc. Moreover, these materials display negligible
magnetic anisotropy fundamentally simplifies the study related to
their magnetic transition, making them a good testing ground for
analyzing the physics behind the MCE and for developing ther-
modynamic models to represent their response. An active magnetic
regenerator system requires large MCE and plates-shaped or
spherical particles with an optimal geometry to achieve the best
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thermal transport properties between magnetic refrigerants and
heat-exchange medium [24]. Therefore, the Fe-based glassy alloys
with small MCE and low glass-forming ability (GFA) have hindered
their development seriously for a long time. Fortunately, multi-
element magnetocaloric Fe-based glassy alloys with larger GFA
were synthesized by conventional copper mold casting very
recently [25,26]. However, enhanced GFA inevitably leads to the
deterioration of MCE; also, Fe-based glassy alloys with larger GFA
generally contain large amount of expensive and easily oxidized
metals (e.g. Zr, Nb, or rare earth), which limit their applications in
magnetic refrigerants. It is a huge challenge to develop large MCE
and GFA in Fe-based glassy alloys without any noble metals. A
recent study shows that Fe-based glassy alloys without noble
metals exhibiting excellent GFA can be synthesized by combining
fluxing treatment and J-quenching technique [27]. It is interesting
to explore the design of large MCE and GFA glassy alloy without
noble metals with the help of this J-quenching technique.

Considering the large peak value of MCE Fe,P-type compounds
[11,28], we focused on the ternary FeggP13C; alloy without any
noble metals, which may consist of Fe;P-type short range order
clusters [29]. The goal of this study is to obtain FeggP13C7 alloy with
large GFA by combining fluxing treatment and ]J-quenching tech-
nique, and to investigate its MCE systematically. The ternary mag-
netocaloric Fe-based bulk glassy alloy containing only one metallic
element, which simplifies the related physics mechanism behind
the MCE. This work is expected to enlighten further research on
magnetocaloric effect of glassy alloys as promising magnetic
refrigerants.

2. Experimental

Mother alloy ingots of FeggP13C7 (at. %) composition were pre-
pared by torch-melting a mixture of pure Fe powders (99.9 mass %),
graphite powders (99.95 mass %), and FesP pieces (99.5 mass %)
under a high-purity argon atmosphere. The alloy ingots were fluxed
in a fluxing agent composed of B,03 and CaO with a mass ratio of
3:1 at 1500 K for several hours under a vacuum of ~10 Pa. After
fluxed treatment, the molten alloy was conducted in the drawn
fused silica tubes, which consists of two different diameters con-
nected to each other. The typical dimensions of larger tube are
length 5—10 cm with inner/outer diameter being 11/13 mm. The
smaller tubes have length, wall thickness and inner diameter as
5-10 cm, 0.1-0.2 mm and 1—2 mm, respectively. The tube was
connected to a mechanical pump that evacuated to ~5 x 10> Torr.
Subsequently, Ar gas with high purity (below 1 atm) was filled in
the whole tube. The ingot was melted using a torch. To achieve
rapid quenching, the melt was pushed into a smaller fuses tube.
After this, the whole system was immediately transferred to a
furnace that heated the melt to ~1450 K. 5 min later, the tube was
removed from the furnace and quenched in cold water for several
minutes. The FegpP13C7 liquid metal was cooled down to room
temperature, and the cylindrical alloy samples with diameters of
1.0—2.0 mm and lengths of a few centimeters were prepared. The
above method is called J-quenching technique [27]. To make
comparison, FeggP13C7 and (Feg 76Bo.24)96Nb4 glassy ribbons with a
width of about 1 mm and thickness about 20—25 um were both
produced by single-roller melt spinning method. The nature of
glassy samples was ascertained by D8 Advance X-ray diffraction
(XRD) with Cu Ko radiation and NETZSCH DSC-404 differential
scanning calorimetry (DSC) with a heating rate of 0.67 K/s. The
measurements of magnetic properties were carried out using a
superconducting quantum interference device magnetometer
(Quantum Design MPMS SQUID VSM). For the measurements, disk
shapes of fully amorphous samples with thickness of ~0.5 mm
cutting from FeggP13C7 bulk glassy rods with 1.00 mm were used.

The temperature step was chosen as 3 K or 5 K in the vicinity of Tg,
and 10 K for the regions far away from T¢. Considering the influence
of demagnetizing fields on the magnetocaloric effect, the samples
were placed with their cross-section perpendicular to the magnetic
field direction. The sweeping rate of field is slow enough to ensure
the data are recorded in an isothermal process.

3. Results and discussion

Fig. 1 shows the XRD and DSC data of FeggP13C7 glassy alloys in
as-cast rods with diameter of 2.0 mm by J-quenching technique and
as-quench ribbons by single-roller melt spinning method, respec-
tively. From the XRD data, only broad peaks without crystalline
peaks can be seen for all of these samples, verifying good glassy
phase formation in as-cast and as-quench states. The thermal sta-
bility data of cast FegoP13C7 glassy rods and glassy ribbons were
summarized in Table 1. The glass transition temperature Tg, crys-
tallization temperature Tyj, Tx2 and Curie temperature Tc of glassy
ribbon are slightly less than that of the rod sample. It is mainly due
to the different thermal conductivity of samples with different
geometries and cooling rate. There is no obvious difference in
exothermic peaks between the DSC results of rod- and ribbon-
shaped alloys. The crystallization enthalpy AHx for the glassy rod
was similar to that of glassy ribbon within the experimental error.
All these results are complementary to the XRD data shown in Fig. 1,
indicating the fully amorphous structure of the cylinder sample.

In order to evaluate the MCE of this glassy alloy, isothermal
magnetization map of M-H with increasing filed in temperature
range of 500—650 K was displayed in Fig. 2(a). It can be seen that
the magnetization saturates was achieved at low applied magnetic
fields below the T¢ as a result of a low number density of domain-
wall pinning sites. On the other hand, the curves gradually change
into straight lines with increasing temperatures near and above T,
indicating the transitions from ferromagnetic to paramagnetic.
Magnetic entropy change (ASy) can be calculated from magneti-
zation isotherms using the Maxwell relation [30]:

Hmax

ASy =u0/ (¥>HdH 1)
0

where g is the permeability of vacuum and Hp;x is the maximum
applied field. The magnetic field with maximal value of 5 T was
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Fig. 1. XRD and DSC traces of as-cast FegoP13C; glassy ribbons and rods.
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Table 1
Thermal stability data of as-cast FegyoP13C7 glassy rods with diameters up to 2.0 mm.
The melt-spun glassy ribbons is also shown for comparison.

Samples Tc (K) Tg (K) T (K) Tz (K) AHy (J/g)

Ribbons 568 661 678 694 —-90.05

Rods 570 665 683 699 —88.65
Table 2

glassy rods was also presented in Fig. 3. Both —ASK,}( and RCrwham
tend to increase gradually with the magnetic field. For a better
comparison, the (Fep76Bo24)9sNbs glassy ribbons with largest
values of —ASK,}‘ and RCgpwym achieved in previous researches [25]
were also shown in Fig. 3. Meanwhile, the reported ternary mag-
netocaloric Fe-based MGs and their GFA [14,32—38] including our

Critical diameter and magnetocaloric properties under applied field of 1.5 T and 5 T for the present and reported typical ternary Fe-based glassy alloys.

Compositions (at.%) Critical diameter Tc (K) —ASm (J kg 1K) RCewnm (J kg™ 1) References
15T 5T 15T

FegoP13C7 Rods (2 mm) 579 2.20 5.05 125.6 This work

(FEO_75B0_24)96N|34 Ribbons (DC < 0.5 1'1'11'1'1) 559 1.51 3.86 120.8

FegsZrgB, 285 - 3.30 - [32]

Feg1Zr7B, 230 - 2.80 —

FegoCrsB12 328 1.00 2.59 115 [33]

Fe77CrgB1s 375 1.18 2.98 61

FegsNb;Bo 299 1.44 - - [34]

Fe;9Nb7B14 372 1.07 - -

FE73Nb7B20 419 0.97 — —

FegsYsZro 284 0.89 - - [35]

Feg1Yi0Zrg 470 1.12 - -

FE70M[110B20 438 1.00 — 117 [36]

FegsMnys5B2o 340 0.87 - 98

FEGoanngo 210 0.60 — 83

Fessan4B20 162 0.50 — 68

FegsZrioBs 300 1.39 - - [47]

Feg,MngZro 210 - 2.78 - [37]

FquMl’leZﬁ 0 218 - 2.29 —

FegsMnaZrig 228 - 2,51 —

FegoMnoZrio 195 - 233 -

FEggSl’lzZl']o 290 — 4.10 — [38]

FEs5Sn4Zl'10 300 — 3.30 —

used in our experiments. To derive the temperature dependence of
ASy, the numerical approximation of the integral is applied in this
work, i.e.,

H H
/ M(T;,H)dH — / M(T;,1,H)dH
ASy(T;, H) = =2 :

2
T — Tiq 2)

By the isothermal M-H curves at various temperatures, we
evaluate the ASy; associated with H variations according to Eq. (2).
Fig. 2(b) shows the —ASy; of FeggP13C7 glassy rods as a function of
temperature under 1.5—5 T. As shown in Fig. 2(b), the peak and
width of —ASy; are dependent on the change of H, both the height
and width increase obviously with the increasing filed. The peak
values of —ASy are 2.20 ] kg~! K~! under 1.5 T, and 5.05 ] kg~ K~!
under 5 T, respectively. It is worth noticing that the increasing of H
yields two separated magnetic entropy peaks. The separation be-
tween these two peaks is practically insensitive to the further in-
crease of H beyond a small, critical value ~2 T. Another relevant
parameter characterizing the refrigerant efficiency of the material
is the refrigerant capacity (RC). We estimated RC by the product of
the peak entropy change and the full width at half maximum of the
peak as follows [31].

RCFWHM = —ASK/}( X 6TFWHM (3)

where 3Trwym Was defined as the temperature interval of the full
width at half maximum of —ASy.. The separation of —ASy; peaks
further increase dTrwhyp. We can see that the RC values of FeggP13C7
bulk glassy rods are about 125 | kg~! under 1.5 T, and 480 | kg~!
under 5 T, respectively.

The field dependence of —ASpMk and RCpypym for FeggP13C7 bulk

materials (for studies will be publish through May 2016) were listed
in Table 2. Up to the time of writing, the largest fASK/f and RCpwum
achieved for FeggP13C; bulk glassy rods by combining fluxing
treatment and J-quenching technique were 2.20 | kg~! K~! and
125 ] kg~ ! under 1.5 T, respectively. These values place the present
series of ternary Fe-based bulk glassy alloys among the best mag-
netic refrigerant materials, with —ASK,}‘ ~46% larger than
(Feo.76Bo.24)o6Nb4 glassy ribbons and RC ~35% larger than GdsSis.
GeqgoFep1 (355 ] kg~ ! under 5 T) [39]. It is worth mentioning that
the largest magnetocaloric response in FeggP13C7 bulk glassy rods
was achieved with lager GFA without any noble metals (e.g. Zr, Nb,
or rare earth). As expected, enhancing GFA for FeggP13C7 alloy with
no deleterious influence on —AS,‘\’,}( and RCpwum Was achieved, i.e. a
balance between these two parameters could be obtained. Ac-
cording to the mean field theory [40], ‘AS"Mk and RC can be
expressed approximately as ‘ASK,}‘txAH" and RCxBHP, respectively.
The exponents n and p, controlled by the critical exponents of these
alloys, can be extracted through fitting the experimental data in
Fig. 3(a) and (b) with the relations discussed above. The exponents
n = 0.69 near the transition temperature for FeggP13C7 glassy rods
are smaller than those for (Feg76Bo.24)96Nb4 (~0.77) and other Fe-
based MGs (~0.75) [41], which consists with the predicted value
(2/3) by the mean field theory [40]. It means that the fluctuations
and heterogeneities in magnetic microstructures of FeggP13C7
glassy materials can be neglected [42].

According to the Maxwell relations, the larger MCE is due to the
larger magnetic moment and the values of dM/dT near the Curie
temperature in materials. Fig. 4 shows the temperature depen-
dence of magnetization for FeggP13C7 and (Feg 76Bo.24)96Nb4 glassy
samples. It is well know that the saturation magnetization of
FegoP13C7 is larger than that of (Feg76Bo.24)96Nbs. Even though the
strong disorder effect exists in FeggP13C; samples, the
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Fig. 2. (a) 3-dimensional magnetic entropy changes as a function of the temperature
and applied magnetic field for FegoP13C7 glassy rods. (b) Magnetic entropy changes as a
function of temperature under 1.5—5 T for FegoP13C; bulk glassy rods.

magnetization varies sharply at the ordering temperature as that in
the known crystalline magnetic refrigerant material of MnFe-
Po4sAspss [11]. The dM/dT vs. T of FegoP13C; and of
(Fep.76Bo.24)96Nb4 glassy samples were plotted and shown in Fig. 5.
We can see that the value of dM/dT for FeggP13C7 is also larger than
that of (Fep76Bo.24)osNbs. The origin of the rapidly changing
magnetization is the magnetic quantum (magnetic spin waves)
with exchange interaction and temperature-induced homogeneous
magnetic phase abrupt transition near Tc [43,44]. From above
analysis, we conclude that the origin of the large magnetic entropy
change is in the comparatively high 3d moments and in the rapid
change of magnetization. In this process, the strong magneto-
crystalline coupling results in competing intra- and inter-atomic
interactions, leading to a modification of Fe-Fe distances which
may favor the spin ordering [45]. The two peaks of —ASy may be
caused by coexistence of the magnetic transition and spin reor-
ientation transition when the applied magnetic field H is larger
than the spin reorientation field of Fe-P-C system [46].

4. Conclusion

In summary, the extraordinary magnetocaloric effect in
FegoP13C7 bulk glassy rods without noble metals prepared by

6 .
(a) Fe, P .C,, A=1.68, n=0.00 3" |
4 ; ) : S
d : =
2 i
(Fe, B, ), Nb,, A=1.11,n=0.77
0

P
:

Fe P C, B:77.6,p=1
/ ]

400 (b)

O/

200 v
! ]
/ Fe, 16B24)osN0, B=85.1, p=1.02
% 1  E 4 5
H (T)

Fig. 3. Magnetic field dependence of the (a) maximum magnetic entropy changes
‘ASK}[( , and (b) RC for FegoP13C; and (Fep 76Bo.24)9sNb4 glassy samples. The solid curves

are fitting results of ‘ASK,H:::AH" and RCxBHP, respectively.

Magnetization (a.u.)

450 500 550
Temperature (K)

Fig. 4. (a) Temperature dependence of the magnetization for (Fep76Bo.24)9sNb4 glassy
samples. (b) Temperature dependence of the magnetization for FeggP13C; glassy
samples.

combining fluxing treatment and J-quenching technique was
investigated. The fASR,}( are 220 J kg~! K! under 1.5 T, and
5.05 ] kg~ K~! under 5 T, respectively. The RC are about 125 J kg™!
under 1.5 T, and 480 | kg~! under 5 T, respectively. These values
place the present ternary Fe-based bulk glassy alloys among the
best magnetic refrigerant materials, with —AS{\’,}‘ ~46% larger than
(Feo.76Bo.24)96Nb4 glassy ribbons and RC ~35% larger than crystalline
GdsSi>GeqgFeg 1. The temperature dependence of magnetization in
this alloy was also found. The origin of this extraordinary magnetic
behavior was discussed. This work will enlighten further research
on magnetocaloric effect of glassy alloys as promising magnetic
refrigerants and supply a good opportunity for further analyzing
the physics behind the MCE and for developing thermodynamic
models to represent their response.
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Fig. 5. The dM/dT under a magnetic field of 0.02T for FegoP13C; and (Feg76Bo.24)9sNb4
glassy samples.
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