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ABSTRACT

Magnetic cooling technology, based on the magnetocaloric effect (MCE), offers an energy-efficient
and eco-friendly alternative to conventional gas compression, but is often hindered by large
magnetic hysteresis, which limits cyclic performance. In this study, we show that the hysteresis of
LaosCegs(Fe,Si)is hydrides — a promising material for room-temperature refrigeration — can be
significantly reduced by refining the microstructure of the precursor alloy. Substituting Ce for La
in (Lag;Ceg3)(Fe,Si)i3H, increases hysteresis losses from 12.3 J/kg to 34 J/kg. However, preparing the
precursor alloy using the melt-spinning technique can almost eliminate this hysteresis. Lorentz
transmission electron microscopy (Lorentz-TEM) shows that phase transition nucleation preferen-

ARTICLE HISTORY
Received 31 March 2025
Accepted 22 June 2025
Revised 3 June 2025

KEYWORDS
Magnetocaloric materials;
Ce-substitution; melt-
spinning; room temperature
magnetic refrigeration; La

tially occurs at the grain boundaries. The hydrides prepared from melt-spun ribbons exhibit a much (Fe,Si);3 compound
larger volume fraction of grain boundaries due to finer grains, providing a higher density of
nucleation sites. This reduces the energy barrier for the phase transition and weakens the mag-
neto-structural phase transition, as confirmed by in-situ X-ray diffraction patterns. Consequently,
the reduced phase transition energy barrier leads to significantly lower hysteresis in melt-spun
hydrides samples. These findings demonstrate the potential of microstructure engineering to

reduce hysteresis in (La,Ce)(Fe,Si),3Hx materials for room-temperature magnetocaloric applications.

Refined grains leads to smaller hysteresis
coarse-grained microstructure fine-grained microstructure
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Microstructure refinement via melt-spinning significantly reduces hysteresis in Lag;Ceq3
(FeSi);3 hydrides by reduction of energy barrier for phase transition, enhancing magnetocaloric
performance for room-temperature applications.
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1. Introduction

Magnetic refrigeration utilizing the magnetocaloric
effect (MCE) is a promising alternative to traditional
vapor compression cooling technologies, displaying
benefits in both environmental sustainability and
energy efficiency [1]. This interest has driven extensive
research on magnetocaloric materials. The discovery
of Gds(Si; xGey)a [2] triggered a search for materials
with significant MCE, such as rare earth free com-
pounds, (Mn,Fe),(P,As,Ge) [3,4], MnAs-based com-
pounds [5], MnzFeyo «Cu,Alsg [6] and rare earth lean
La(Fe,Si; )13 [7,8] that operate
temperature.

Among these materials, La(Fe,Sij )3 (1:13
phase) compounds stand out as promising candi-
dates due to their large magnetocaloric effect,
which arises from a magneto-structural phase tran-
sition at the Curie temperature (T¢c = 203 K),
where a paramagnetic/ferromagnetic phase transi-
tion takes place [9-12]. This phenomenon is driven
by the itinerant behavior of 3d electrons in rare-
earth and transition-metal-based compounds,
known as the itinerant electron metamagnetic
(IEM) transition, resulting in a large MCE [13,14].
In addition, Fe-rich La(Fe,Si; )13 compounds are
considered excellent candidates for magnetic refrig-
eration due to their low cost, nontoxic constituents,
large MCE, improved thermal conductivity by
metal binder [14,15] and enhanced corrosion resis-
tance [14,16]. Although the growing demand for
gas liquefaction has spurred the development of
cryogenic magnetic refrigeration materials [17], La
(Fe\Sij_x)13-based compounds exhibit low MCE at
cryogenic temperatures [18]. As a result, these
materials are considered more suitable for applica-
tions near room temperature. However, several lim-
itations - such as a low Curie temperature (Tc <
210 K), significant magnetic hysteresis, and poor
cyclic and mechanical stability - hinder their prac-
tical use in room temperature magnetic refrigera-
tion systems [19-22].

To achieve large MCE near room temperature,
extensive studies have focused on elemental doping.
For instance, increasing Si concentration can raise the
transition temperature to 222 K. However, this drives
the transition to a second-order-like phase transition,
reducing the MCE [12,23]. Substituting Co at the Fe
site can increase T to near room temperature, but this
approach reduces the IEM effect, thus results in a
lower magnetic entropy change [23]. Meanwhile,
introducing interstitial carbon atoms expands the lat-
tice, raising T¢ from 195 K at x =0 to 250 K at x = 0.6
for LaFe;; sSi; sC, but also reduces AS,, [24,25].
Hydrogen insertion stands out among these dopants,
effectively raising T above room temperature with
minimal reduction in magnetic entropy [26]. For

near room
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example, hydrogenation increase T to approximately
323 K, with a large magnetic entropy of 23 J/kg-K
under a 5 T magnetic field [26]. To further enhance
MCE in La(Fe,Si);3H,, studies have shown that partial
substitution of Ce for La strengthens the IEM transi-
tion [27-29]. This effect originates from the change in
band structure, which improves the magnetic entropy
change [28-30]. However, this also results in an
increased hysteresis, which is undesirable [31,32].
Cerium is an earth-abundant, cost-effective element,
comprising up to 92-98% of rare earth content in
many natural minerals [33]. Thus, developing a hys-
teresis-free Ce-containing La(Fe,Si);3Hy compound is
beneficial for magnetic refrigeration.

In this study, we have focused on the La, ;Ce, 3(Fe,
Si);3-based composition, examining how microstruc-
ture, specifically grain size and secondary phase dis-
tribution, affects the magnetocaloric effect. Melt
spinning was chosen as the synthesis method due to
its ability to produce rapidly solidified, homogeneous
microstructures with fine grain size, enabling a sys-
tematic study of the impact of grain size on thermal
and magnetic hysteresis. Compared to the conven-
tional techniques such as arc melting or induction
melting [34,35], melt spinning accelerates formation
of the 1:13 phase and achieves the desired microstruc-
ture in the precursors with significantly shorter
annealing time. As a result, this method led to a
refined microstructure and substantially reduced hys-
teresis in (La,Ce)(Fe,Si);3H, samples compared to
those prepared via induction melting.

2. Experimental

Polycrystalline La; yCeFeq;5Si;5 (x=0, 0.3) alloys
were prepared by induction melting under a high
purity argon atmosphere, denoted as Ce0 ingot and
Ce0.3 ingot, respectively. 5 wt.% of extra La and Ce
was added in order to compensate evaporation of La
and Ce during the melting process. The obtained
ingots were polished to remove the oxidized surface.
The ingots were wrapped in tantalum foils, sealed in
quartz ampoules under an argon atmosphere, and
annealed at 1373 K for five days and consequently
quenched in water. The polished as cast ingots were
used for melt spinning at an optimal speed of 30 m/s
of the rotating copper wheel, the process was carried
out in an argon atmosphere at a chamber pressure of
0.1 atm. An injection pressure of 3 kPa above the
chamber pressure was applied to drive the melt
through a fixed 0.8 mm diameter nozzle. The noz-
zle-to-wheel distance was maintained at 5 mm. These
parameters were optimized to ensure the formation
of high-quality rare-earth transition metal-based
compounds [36]. The Ce0 and Ce0.3 as spun ribbons
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were then wrapped in tantalum foil and annealed in
an argon atmosphere at 1373 K for 5 hours and sub-
sequently followed by water quenching, which are
referred as Ce0O ribbon and Ce0.3 ribbon, respec-
tively. The annealed ingots and annealed ribbons
were pulverized into powders smaller than 200 um
in size for hydrogenation. Hydrogenation was per-
formed at 300 °C under a hydrogen gas flow at 1
atmospheric pressure for 5 hours [37]. The hydroge-
nated Ce-free and Ce-substituted samples prepared
from ingot and melt-spun samples are denoted as
CeOH ingot, Ce0.3 H ingot, CeOH ribbon and Ce0.3
H ribbon respectively. Powder X-ray diffraction
(XRD, Rigaku Japan) has been performed using a
0.6 kW Rigaku Mini Flex diffractometer (Cr Ka
radiation, A=2.2909 A) at room temperature.
Lattice parameters as well as phase fractions were
calculated using Rietveld refinement of the XRD
data (GSAS-II). The temperature-dependent XRD
was performed on Rigaku SmartLab diffractometer
using the Cu Ka radiation (A = 1.5418 A, operated at
45 kV and 200 mA) equipped with a temperature
chamber (TTK 600, Anton Paar). Variable tempera-
ture XRD measurements were performed in a nitro-
gen atmosphere at 1 atmospheric pressure, with a
heating process form the lowest temperature (120
K) to 400 K and the rate of 2 K/min. Once the target
temperature was reached, the measurement was
made after holding for 5 minutes for homogenization
of the sample temperature. The differential scanning
calorimetry (DSC, NETZSCH, Germany) data was
obtained using NETZSCH DSC 200F3 from 273 K to
373 K at temperature rate of 5 K/min under an Ar flow
condition (100 ml/min). The general microstructure
was investigated using scanning electron microscopy
(SEM, Carl Zeiss, Germany), Carl Zeiss Cross Beam
1540 ESB, equipped with energy dispersive X-ray spec-
troscopy (EDS) detector. Lorentz transmission electron
microscopy (Lorentz-TEM, Thermofisher, USA) and
detailed TEM observations were performed using a
Titan G2 80-200. Atom probe tomography (APT,
CAMECA, USA) samples were prepared using the
lift-out technique on a G4-UX dual-beam system.
APT experiments were performed with a laser-assisted
local electrode atom probe (CAMECA LEAP 5000 XS)
operated in laser mode at a specimen temperature of 50
K, with a laser pulse energy of 30 pJ and pulse rate of
250 kHz. Magnetic measurements were conducted by a
superconducting quantum interference device vibrating
sample magnetometer, SQUID-VSM (MPMS SQUID
VSM, Quantum Design, USA). The magnetic hysteresis
loops were measured at the transition temperature by
first increasing the magnetic field to 2 T, followed by
decreasing it to 0 T at a rate of 300 Oe/s. To ensure
accurate and reproducible measurements, we adopted
the ‘loop method’ [38]: the sample was first heated well
above the transition temperature to eliminate any
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thermal or magnetic history effects. Subsequently, the
temperature was lowered to the target measurement
temperature before recording the hysteresis loop. This
procedure minimizes the influence of prior measure-
ments and ensures that the system reaches thermal
equilibrium before data collection.

3. Results and discussion

3.1. Structural analysis of non-hydrogenated and
hydrogenated samples

Room temperature X-ray diffraction (XRD) data
for optimally annealed samples of induction-melted
Ce0, Ce0.3, melt-spun Ce0 and Ce0.3 ribbons are
shown in Figure 1(a). After annealing, all samples
crystallized in the NaZnj;-type cubic structure
(space group: Fm3c), known as the 1:13 phase.
Along with this desired 1:13 phase, a minor
amount of a-Fe impurity was observed in all sam-
ples. In addition, the LaFeSi (1:1:1) minor phase
appeared in Ce-substituted ingot and melt-spun
samples. Rietveld refinement, summarized in
Table 1, confirms that each sample contains over
92 wt.% of the 1:13 phase. Interestingly, a-Fe impu-
rities decreased with partial substitution of La by
Ce in the ingot sample. It is important to note that
the presence of secondary phases can alter the Fe:Si
ratio within the 1:13 matrix, which in turn affects
both the lattice constant and the transition tem-
perature. An increase in the Fe:Si ratio in LaFe,;-
«Six generally leads to an expansion of the unit cell,
thereby increasing the lattice constant and reducing
the Curie temperature [39,40]. All annealed ingots
and ribbons were subsequently subjected to hydro-
genation. Room-temperature X-ray diffraction
(XRD) data for the hydrogenated CeOH and
Ce0.3 H ingots, and CeOH and Ce0.3 H melt-spun
ribbons are presented in Figure 1(b). The data
confirms that the main phase in all samples
remains the same as non-hydrogenated samples,
NaZn,;-type cubic structure with some minor
phases of a-Fe and 1:1:1. In contrast to the non-
hydrogenated samples, the 1:13 phase diffraction
peaks of the hydrides shift to lower angles, indicat-
ing lattice expansion due to hydrogen atom inser-
tion [24,41]. The atomic positions and occupancies
based on refinement, and refinement parameters
are provided in Supplementary tables S1-S3.

3.2. Magnetic properties of non-hydrogenated
and hydrogenated samples

Curie temperatures (T¢c) for each sample, measured
from M-T curves at 0.01 T are shown in Figure 2(a)
and listed in Table 1. T was determined from the
peak minima in dM/dT vs. T plots on the heating
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Table 1. List of lattice parameters of NaZn,3 type phase, T, weight fraction of 1:13, a-Fe and 1:1:1 phases

of non-hydrogenated samples.

Sample a(h) Tc (K) 1:13 (wt.%) a-Fe (wt.%) 1:1:1 (wt.%)
Ce0 ingot 11.476(8) 195 94.4 5.6 0

Ce0 ribbon 11.484(5) 199 93.2 6.8 0
Ce0.3 ingot 11.454(1) 169 98.9 0.6 0.5
Ce0.3 ribbon 11.460(2) 176 92.2 53 25

Table 2. List of lattice parameters of NaZn,; type phase, T¢, weight fraction of ferromagnetic and

paramagnetic 1:13, a-Fe and 1:1:1 phase of hydrides.

Sample a (R Tc (K) 1:13 (Wt%) a-Fe (wt%) 1:1:1 (Wt%)
CeOH ingot 11.619(0) 336 96.2 29 0.9
CeOH ribbon 11.605(5) 325 93.4 6.6 0
Ce0.3 H ingot 11.630(5) 332 959 2.2 1.9
Ce0.3 H ribbon 11.652(7) 328 94.9 3.2 1.9

branch of M-T curves. A high-angle shift in the 1:13
diffraction peaks in Ce-substituted samples indicates
lattice contraction, attributed to Ce substitution as
shown in Table 1. This substitution reduces lattice
constant, weakening Fe-Fe interactions and thus
reduces Tc [42-44]. Moreover, thermal hysteresis
increased significantly with Ce substitution, from 1.1
K in Ce0 ingots to 7.2 K in Ce0.3 ingots and 0.4 K in
Ce0 ribbon to 10.4 K in Ce0.3 ribbons, consistent with
the previous reports on Ce-substituted La(FeSi),;
compounds [18,45]. The thermal hysteresis observed
in the Ce-substituted melt-spun ribbons is larger than
that of the ingot samples, likely due to the combined
effects of Ce doping and microstructural factors that
strengthen the first-order transition characteristics
[34,35], which implies the complex relations between
chemical composition, processing methods, and hys-
teresis behaviour in these alloys.
Temperature-dependent magnetization measure-
ments for CeOH, Ce0.3 H ingots, CeOH and Ce0.3 H
melt-spun ribbons under a 0.01 T magnetic field, con-
ducted during heating and cooling at 2 K/min, are
shown in Figure 2(b). Hydrogenation led to an increase
in T¢ from 169 K to 332 K for the Ce0.3 ingot and from
176 K to 328 K for the Ce0.3 ribbon, as seen in Figure 2
(a-b) and Table 2. Hydrogenation increased T to near
room temperature while significantly reducing thermal
hysteresis, as seen in Figure 2(b) and Table 3. The
insertion of interstitial hydrogen expands the lattice,
lengthening Fe-Fe bonds, which causes a stronger Fe-
Fe exchange interaction and raises T¢ [46,47]. It should
be noted that the T shifts to higher temperature with
higher fields shown in Supplementary Figure. S1, for
example, in Ce0.3ribbon and Ce0.3 H ribbon samples,
it is clearly observed for both samples that the T¢ shift
with magnetic field at a same rate of 4 K/T, and
hydrogen absorption does not change its behaviour.
In hydrides, the phase transition appears less sharp
than in the parent compounds (Figure 2(a)), indicative
of weakening of the IEM [26,41]. Of interest, the
addition of Ce in the ingot precursor increases the
thermal hysteresis due to the strengthening

characteristic of first-order phase transition, which
can also be evidenced in the sharper M-T curve near
the Tc. With preparing sample from melt-spun tech-
nique, we can observe the absence of thermal hyster-
esis along with reduced sharpness of the M-T curve for
Ce0.3 H ribbon. The higher T values observed in our
hydride samples than those reported in previous stu-
dies, likely due to near-saturation hydrogen
absorption.

3.3. Magnetocaloric performance of non-
hydrogenated and hydrogenated samples

Magnetic entropy change (AS,,) was calculated from
M-T curves of the heating branch measured under an
applied magnetic field ranging from 0 to 2 T at a field
step of 0.5 T using the Maxwell relation, which is

expressed as
s\ _ (om "
o), "\ar ),

Where S is the total entropy, H is the magnetic field, M
is the magnetization and T is the temperature. This
relation provides a fundamental framework to relate
changes in entropy and magnetization under varying
magnetic fields and temperatures [48], using following
equation.

. (OM
ASm = pty iy (ﬁ) dH )

Here, H; and Hy are the initial and final values of
applied magnetic field and g is the permeability of
free space [48].

The maximum magnetic entropy change
(—=ASH™) increased from 29.7]/kg-K in the Ce-
free ingot to 32.7J/kg:K in the Ce0.3 ingot, while
it was 24.7]J/kg-K in Ce-free ribbon and increased
to 33.2J/kgK in the Ce0.3 ribbon under a 2 T field,
shown in Figure 3. These values agree with pre-
reports on a similar composition
[27,33,49,50], and the increase in the magnetic

vious



Sci. Technol. Adv. Mater. 26 (2025) 6 M.M. PRUSTY et al.

(a) T T T T T T T T T (b) 606 1 1 ] 1 1
Ce0 ingot ) Ce0H ingot
- p——— 1 - -
3 4t i k- 44 —“ ]
~ 7 o d
2 = s .
i ] 4 3 -
st _ S22t % |
L
H=100 Oe \ H=100 Oe \ 1
L . L . 1 . 0.0 P IR IPU RN R R
160 180 200 220 260 280 300 320 340 360 380
T (K) T (K)
S A— 6.6 . : : .
Ce0.3 ingot Ce0.3H ingot
Teal | b 44 %
B . 4 Q@ .
2 | ; b
Ly ~
R : i
S | I S} | -
E 0\ E )
[} I o
H= 10M H=100 Oe g
0 1 " 1 & 1 o 0.0 " 1 " 1 " 1 & 1 " 1 "
160 180 200 220 260 280 300 320 340 360 380
T (K) T (K)
| YU ——— . . . .
Coli vikibion 6.6 - Ce0H ribbon "
Py | - \
é.n Laal ! =
(o] o *
€4 : z
) <
= S22f i

[

[ ]
[ H=100Oe \1 H=1000e N\
0 1 L 1 M 1 L 00 1 i 1 " 1 " L A

160 180 200 220 .260 280 300 320 340 360 380
T (K) T (K)
—_— — 6.6 T T T T
Ce0.3 ribbon Ce0.3H ribbon
éf 4 -—T—.. - _:"f 44 .
N L \ o
g \o * = s
< ! \ < '
2t . 22+ -
= ) =
N _
H=|100 Oe 1 1 | 00 l-.l =110(.) Ole " 1 A 1 " 1 "
160 180 200 220 260 280 300 320 340 360 380
T (K) T (K)

Figure 2. (a) Temperature dependence of the magnetization of Ce0 ingot, Ce0.3 ingot, Ce0 ribbon and Ce0.3 ribbon measured in a
magnetic field of 0.01 T, (b) and their corresponding hydrides.



Sci. Technol. Adv. Mater. 26 (2025) 7

M.M. PRUSTY et al.

Table 3. List of Curie temperature (T¢), thermal hysteresis (ATyy), ATrwnm, Magnetic entropy change (AS7®;) and relative cooling
power (RCP) of CeOH, Ce0.3 H ingots and CeOH, Ce0.3 H melt-spun ribbons.

Sample Tc (K) AThys (K) MH,_ (J/kg) 8Trwnm (K) ASp® (J/kgK)AH=2T RCP (J/kg) Reference
CeOH ingot 334 2.2 123 13.2 14.6 193.8 This work
CeOH ribbon 329 0.3 1.7 1 16.7 184.2 This work
Ce0.3 H ingot 335 2.1 34 74 26.6 197.8 This work
Ce0.3 H ribbon 332 0.1 1.7 124 1 137 This work
Lag ¢Ceg 4Feq1Sis - - 20 - 12 - [25]
(LaoﬁceOA)zFensiHy 313 0.5 0.6 - 12.2 - [44]

LaFe;; 4Si 6Ho.ss 281.7 - - 18 11.1 119.1 [39]
LaFe;; 7Si; 3Co2Hy 308.5 - 2 - 14.4 - [52]
Lag.sProsFer 4Sit sHoo 260 14 117 - 22 - [53]
LaoA5Pr0A5F81 1A4Si1_5H1A6 317 0 23 - 17.7 - [53]

entropy change indicates a strengthening of the
IEM in Ce-substituted samples [29,45,51]. It should
be noted that the preparation method has minimal
influence on magnetocaloric response as both ingot
and melt-spun Ce0.3 samples show strong first-
order phase transition and almost identical mag-
netic entropy change. Moreover, at an external field
of 2 T, an asymmetric broadening of peak features
in the AS,, vs T curves was observed. This can be
attributed to the field-induced itinerant electron
metamagnetic (IEM) transition [8], implying the
complex relationship between magnetic ordering
and external fields.

The isothermal magnetization of CeOH and Ce0.3
H ingots, and Ce0.3 H and CeOH ribbons and their
corresponding magnetic entropy change (AS,,) under
a maximum magnetic field of 2 T near T are shown in
Figure 4(a-h), respectively. It should be noted that the
isothermal magnetization was taken using the loop
process to avoid the influence of hysteresis [38] and
this method achieves same magnetic entropy change
determined from M-T curves as shown in
Supplementary Figure. S2.

In the hydrides, since the thermal hysteresis for all
hydride samples is comparable, below 1 K. Herein, we
use magnetic hysteresis loss (MH;) to evaluate the
hysteresis, which is defined as the enclosed area
between the ascending and descending branches of
the M-H curves at the transition temperature.
Magnetic hysteresis losses were found to be 12.3 J/kg,
34]J/kg, 1.7 J/kg, and 1.7 J/kg for the CeOH and Ce0.3
H ingots, and CeOH and Ce0.3 H ribbons, respectively.
Notably, the ribbons exhibit lower magnetic hysteresis
than ingot samples, suggesting that microstructural
factors - particularly grain size reduction, which
increases grain boundary area and increases internal
strain — may play a role in hysteresis reduction [45].
The - AS)**value increased substantially from 14.6 ]/
kg-K for the CeOH ingot to 23 J/kgK for the Ce0.3 H
ingot under a 2 T field change. This increase could be
attributed to strengthened first-order phase transition
characteristics in Ce-substituted hydrides. Relative
Cooling Power (RCP) is defined as the amount of
heat transferred by a unit mass of refrigerant between
the hot and cold reservoir during one refrigeration

cycle. It can be expressed as the multiplication of the
maximum value of AS,, and the full width half max-
ima of AS,, vs T curve [52].

RCP = |AS)™|x 8 Trwim

RCP serves as a critical measure of the usefulness of a
magnetic refrigerant, as it quantifies the material’s
capacity to transfer heat effectively over a temperature
range, thereby indicating its practical applicability in
magnetic refrigeration systems. RCP values for studied
compound are summarized in Table 3. Ce0.3 H ingot
exhibits the highest RCP value, while melt-spun Ce0.3
H ribbon displays the low RCP among all the samples.
This reduction in RCP for the ribbon is attributed to a
decrease in |AS$“"|.However, the broadening of -AS,,
versus T curve for Ce0.3 H ribbon results in an
increased 0Tgwnm, enabling its application across a
wider range of temperature. The gradual transition in
Ce0.3 H ribbon sample causes a lower (dM(T, H))/oT
slope at the paramagnetic-to-ferromagnetic transition,
resulting in a smaller —AS]“* value and a broader
-AS, vs T curve, but with almost zero magnetic and
thermal hysteresis. We also compared the properties
achieved in this work with those reported in the lit-
erature, shown in Table 3. Our hydride samples
demonstrate improvements in both —AS** and RCP
values, with comparable magnetic hysteresis to the
previously reported data [30,41,45,53,54] as shown in
Figure. S3 in Supplementary file. In addition, Ce0.3 H
ribbon sample demonstrates the excellent stability and
reproducibility over 10 cycles (See the DSC data in the
Supplementary Figure. S4). For example, on heating,
the latent heat (the area underneath of peak of DSC
data) averages —6.59 J/g. The small deviation in latent
heat across both heating and cooling cycles confirms
that the material maintains reproducible thermody-
namic properties, supporting its reliability for cyclic
refrigeration applications.

3.4. Microstructure of non-hydrogenated and
hydrogenated samples

The comparison of magnetic properties indicates
that the hydride samples prepared using the melt-
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spun technique exhibit significantly lower magnetic
hysteresis loss than the ingot samples, regardless of
the composition. This difference is likely due to
variations in microstructure. To explore this, we
studied the microstructure of the Ce-containing
(Ce0.3) ingot and melt-spun samples. Figure 5(a—c)
show SEM-EDS maps of La, Ce, Fe, and Si for the
Ce0.3 ingot, indicating in addition to the primary
1:13 phase, Si-rich 1:1:1 phase and a-Fe phase are
present in the microstructure, with size ranging from
3 to 10 um. Melt-spinning retained these phase con-
stituents, as confirmed by the XRD data Figure 1(a).
However, in melt-spun Ce0.3 ribbons, the 1:1:1
phase (bright contrast) and a-Fe phase (dark con-
trast) became more uniformly distributed, as shown
in Figure 5(d). The average grain size of the melt-
spun Ce0.3 ribbon was reduced to approximately
2-5um (Supplementary figure. S5), significantly
smaller than the 15pum grain size observed in the
ingots [55,56]. TEM analysis (Figure 5(e)) confirmed
the presence of the main secondary phase (1:1:1
phase) in Ce0.3 ribbon. Despite the existence of
secondary phases, the composition of the 1:13 matrix
phase remains nearly identical in both the Ce0.3
ingot and Ce0.3 ribbon samples as shown in
Supplementary Figure. S6. This suggests that the
melt-spinning process has a negligible influence on
the composition of the matrix phase. The micro-
structure of the Ce0.3 ribbon hydride sample,
shown in Figure 6(a-b)), reveals grains of 2-5pum
with a homogeneous distribution and no elemental
segregation at grain boundaries. High-resolution
HAADEF-STEM imaging along the [001] direction
shows highly ordered atomic arrangements, indicat-
ing that the crystal lattice remains undistorted after
hydrogen absorption, with no observable nano-
defects in the matrix phase. This contrasts with the
nano crystallization observed in Ce0.4 H reported
by Liu et al. [15]. To further investigate the micro-
structure, atom probe tomography (APT) was per-
formed on this sample, as shown in the inset of
Figure 6(c). The APT analysis reveals a uniform
distribution of all constituent elements throughout
the sample. The measured atomic composition is:
Fe-73.45 at.%, Ce-2.11 at.%, Si-9.82 at.%, H-10.21
at.%, and La-4.42 at.% in this sample. This corre-
sponds to an approximate hydride formula of
(LaCe)(FeSi);3H; 54. The hydrogen content is con-
sistent with previous report [57], which showed
similar hydrogen concentrations and nearly identi-
cal Curie temperatures. Overall, the microstructural
analysis reveals refined grain sizes and a more uni-
form distribution of secondary phases (1:1:1 and a-
Fe) in the melt-spun samples.
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Figure 5. SEM-EDS maps of (a—c) annealed Ce0.3 ingots, (d) backscattered electron SEM image obtained from wheel surface of
ribbon, and (e) HAADF-STEM image and elemental distribution of the annealed Ce0.3 ribbon.

3.5. Phase transition behaviours

As shown in Figures 2—4, the microstructure in the non-
hydrogenated state has a negligible influence on ther-
momagnetic behavior and magnetocaloric perfor-
mance. However, a significant change was observed
after hydrogenation. Therefore, we selected the Ceg;
ribbon sample as a reference to investigate the differ-
ences in phase transition between the non-hydroge-
nated and hydrogenated states. Additionally, we
explored how microstructural variations influence the
phase transition by tracking phase evolution in hydride
samples prepared from both ingots and melt-spun rib-
bons. Figure 7(a-b) present the temperature-dependent
XRD patterns, showing a shift of the 1:13 peaks toward
higher angles as the temperature increases across the
transition temperatures of the three studied samples.
This shift indicates a contraction of the lattice constant
and a reduction in unit cell volume during the itinerant
electron metamagnetic (IEM) transition. To further
investigate the structural changes, the XRD data were
refined in detail. Unlike previous studies [15], we

recorded the XRD data with a finer step size of approxi-
mately 2 K, allowing more precise tracking of the phase
transition. For the Ce0.3 ribbon sample, a 0.55% shrink-
age in the lattice constant was observed. After hydro-
genation, the phase transition occurred in two distinct
steps: 1, A continuous reduction of the lattice constant
as the temperature decreased from 300 K to 328 K,
exhibiting characteristics of a gradual change in the
lattice constant. This behaviour could be attributed to
a weakened magneto-structural phase transition. 2, A
sudden reduction in the lattice constant with a further
increase in temperature to 300 K, indicative of a typical
strong magneto-structural phase transition. A similar
behaviour was reported by Lai et al. [20]. In contrast, for
the Ce0.3 H ingot sample, the lattice constant remained
stable until a sudden reduction of 0.43% occurred at the
transition temperature. The temperature-dependent
behaviour of the lattice constant between these two
samples aligns with the M-T curves measured under a
100 Oe field, as shown in Figure 2. These factors result
in a smaller sudden change in the lattice constant,
inducing weakened first-order phase transition
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behaviour in the Ce0.3 H ribbon sample, which is
reflected in the Arrott plot shown in Figure 7(c).
The curvature of the Arrott plot serves as an indicator
of the strength of the first-order phase transition,
revealing a stronger first-order phase transition in
the Ce0.3 H ingot sample. In contrast, the Ce0.3 H

ribbon sample exhibits a positive slope in the Arrott
plot, indicative of a weakened first-order phase tran-
sition [58], which is confirmed by the critical expo-
nent analysis (shown in Supplementary Figure. S7)
proposed by Law et al. [59]. As a result, the magnetic
hysteresis loss is significantly reduced from 34 J/kg
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Figure 8. (a) Lorentz TEM Fresnel images obtained at in-focus, under-focus and over-focus states, wherein the magnetic domains
show bright contrast in the under-focus state and become dark contrast in over-focus state. Lorentz TEM Fresnel images obtained
at various temperatures for (b—e) Ce0.3 ribbon and (f-i) Ce0.3 H ribbon. The white dashed lines indicate the grain boundaries,
while the yellow dashed lines mark the 1:1:1 secondary phase, as identified from the bright-field TEM images. The corresponding
observation temperatures are labelled as i-iv for the non-hydrogenated sample and I-IV for the hydrogenated sample on the

temperature-dependent lattice diagram (Figure 7(b)).

for the Ce0.3 H ingot to 1.7 J/kg for the Ce0.3 H
ribbon sample.

The thermally driven phase transition process was
further investigated using Lorentz-TEM in Fresnel
mode. Since hydrogenation significantly affects the
phase transition, as shown in Figure 2(a-b), we com-
pared the in-situ Lorentz-TEM observations to pro-
vide a micro-length scale but direct observation of
magneto-structural phase transition in the Ce0.3 rib-
bon sample and its hydride, as shown in Figure 8. For
clarity, the corresponding observation temperatures
are marked as i-iv and I-IV for non-hydrogenated
and hydrogenated samples on the temperature-
dependent lattice diagram (Figure 7(b)), respectively.
In the Ce0.3 ribbon sample, which exhibits strong
IEM transition Figure 7(b), domain walls (marked by
arrowheads) as the temperature approaches the para-
magnetic-to-ferromagnetic (PM-FM) phase transi-
tion temperature, as shown in Figure 8(b). Note
that the magnetic domain walls appear as bright
and dark contrast depending on the direction of in-
plane magnetization. However, the existence of bend
contours makes it difficult to separate the magnetic
domain walls with a dark contrast with those of bend
contours as an example is provided in Figure 8(a).
Hence, for an easy eye guide, we are emphasizing the
magnetic domain walls with bright contrast in Figure

8. The magnetic domain walls connect with grain
boundaries region, implying that the phase transition
preferentially initiates from the triple junctions and
does not propagate easily among several grains. With
a slight reduction in temperature to approximately
172 K, the number density of domain walls increases
substantially and some are crossing the grain bound-
ary region. This indicates that the PM-FM phase
transition occurs over a narrow temperature range.
Additionally, domain walls emerge not only near
grain boundaries but also within grains, likely due
to massive phase transformation and the subsequent
propagation of ferromagnetic phase into a wider
region evidenced by domain walls propagations,
which is driven by the temperature change. Upon
further cooling to 140 K, no significant changes in
the domain wall structure are observed, except for
slight displacements of some domain walls within
grains. This suggests that the phase transition from
PM to FM is nearly complete within this narrow
temperature window of 2 K, consistent with the in-
situ XRD data shown in Figure 7(b). Figure 8(f)
shows a Lorentz-TEM micrograph taken from
Ce0.3 hydrogenated ribbon just before the phase
transition, where domain walls (marked by arrow-
heads) begin to form near grain boundaries. Upon
further cooling to 328 K, domain walls suddenly
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appear in regions A and B, accompanied by notice-
able contrast changes in these regions. These contrast
variations originating from strains can be due to a
change in lattice constants during the phase transi-
tion, implying the magneto-structure coupling phase
transition. Note that the formation of ferromagnetic
phase can occur across many grains as shown in
Figure 8(g) by marking the magnetic domain walls
with bright and dark contrasts. As the temperature is
further reduced to 270 K, domain walls exhibit slight
displacement within grains, but their overall number
density remains unchanged. This suggests that the
phase transition from PM to FM is nearly complete
at 328 K. Notably, the contrast distribution over the
TEM foil sample undergoes negligible change, imply-
ing that the strain induced by lattice constant changes
upon further cooling below 328 K is negligible, which
aligns with the minimal lattice constant change
observed between 300 K and 328 K. Lorentz-TEM
observations indicate that the nucleation of phase
transition occurs consistently at grain boundaries.
This suggests that reducing grain size, which
increases the volume fraction of grain boundaries,
can reduce the energy required for the phase transi-
tion. Imperfect structure and possible strains at the
grain boundaries facilitates phase nucleation, and
reduces energy needed for the transition. This
explains why the hysteresis loss decreases from 34 J/
kg in coarse-grained Ce0.3 ingot hydrides to 1.7 J/kg
in fine-grained Ce0.3 ribbon hydrides. However, this
mechanism alone cannot explain the larger hysteresis
observed in non-hydrogenated Ce0.3 ribbon samples.
This discrepancy may be attributed to the stronger
magneto-structural phase transition in non-hydroge-
nated samples, which overrides the effects of micro-
structural refinement and results in large hysteresis
despite a finer grain structure.

4. Conclusion

This study systematically investigates the effects of Ce
substitution, grain size refinement via melt spinning,
and hydrogenation on the magnetic and magnetocalo-
ric properties of (La,Ce)(Fe,Si);3Hx alloys. The hydrides
obtained from annealed melt-spun ribbons exhibit sig-
nificantly reduced magnetic hysteresis compared to
their ingot counterparts. This reduction is attributed
to the finer grain sizes in the ribbons, which increase
the grain boundary density. Direct observation of mag-
neto-structural phase transformation using cryogenic
Lorentz microscopy reveals that the grain boundaries
act as nucleation sites for the phase transition, lowering
the associated energy barrier. Hence, increasing the
density of grain boundaries as planar defects can be a
strategy for reduction of the hysteresis. In-situ XRD
measurements further confirm a smaller lattice con-
stant change during the transition, supporting the

M.M. PRUSTY et al.

observed reduced hysteresis. Among the compositions
examined, La,,Ceg 3(Fe,Si),3H, ribbons stand out as a
promising candidate for room-temperature magnetic
refrigeration. This composition offers a combination
of large MCE, reduced cost, low hysteresis, and excel-
lent cyclic stability, as demonstrated by reproducible
DSC curves over multiple thermal cycles. In addition,
enhanced heat transfer is expected due to the high sur-
face-to-volume ratio in the ribbon form. These features
make La, ;Ce 3(Fe,Si);3Hy ribbons attractive for prac-
tical applications in room-temperature magnetic cool-
ing systems.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was in-part supported by the MEXT program:
Data Creation and Utilization-Type Material Research and
Development Project [Digital Transformation Initiative
Center for Magnetic Materials; JPMXP1122715503], by the
JSPS International Joint Research Program [JRP-LEAD with
DFG; program number JPJSJRP20221608], and ERATO
“Magnetic Thermal Management Materials Project” [No.
JPMJER2201] from JST, Japan; Data Creation and
Utilization-Type Material Research and Development
Project [JPMXP1122715503].

ORCID

Hiroto Takanobu
Hossein Sepehri-Amin
7897

http://orcid.org/0000-0002-6176-5782
http://orcid.org/0000-0002-7856-

References

[1] Gutfleisch O, Willard MA, Briick E, et al. Magnetic
materials and devices for the 21st century: stronger,
lighter, and more energy efficient. Adv Mater.
2011;23(7):821-842. doi: 10.1002/adma.201002180

[2] Pecharsky VK, Gschneidner KA. Giant magnetocalo-
ric effect in Gds(Si,Ge;). Phys Rev Lett. 1997;78
(23):4494-4997. doi: 10.1103/PhysRevLett.78.4494

[3] Yan A, Muller KH, Schultz L, et al. Magnetic entropy
change in melt-spun MnFePGe (invited). ] Appl Phys.
2006;99(8):08K903. doi: 10.1063/1.2162807

[4] Fengqi Z, Chris T, Bowei H, et al. Magnetocaloric
effect in the (Mn,Fe),(P,Si) system: from bulk to
nano. Acta Mater. 2022;224:117532. doi: 10.1016/j.
actamat.2021.117532

[5] Wada H, Tanabe Y. Giant magnetocaloric effect of
MnAs,_,Sby. Appl Phys Lett. 2001;79(20):3302-3304.
doi: 10.1063/1.1419048

[6] Zhang Y, Hao W, Hu C, et al. Rare-earth-free
MnjoFe,q Cu,Alsy magnetocaloric materials with
stable cubic CsCl-type structure for room-tempera-
ture refrigeration. Adv Funct Mater. 2023;2310047:1-
10. doi: 10.1002/adfm.202310047


https://doi.org/10.1002/adma.201002180
https://doi.org/10.1103/PhysRevLett.78.4494
https://doi.org/10.1063/1.2162807
https://doi.org/10.1016/j.actamat.2021.117532
https://doi.org/10.1016/j.actamat.2021.117532
https://doi.org/10.1063/1.1419048
https://doi.org/10.1002/adfm.202310047

Sci. Technol. Adv. Mater. 26 (2025) 14

(7]

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Gutfleisch O, Yan A, Muller KH. Large magnetoca-
loric effect in melt-spun LaFe;3,Six. ] Appl Phys.
2005;97(10):10M305. doi: 10.1063/1.1847871

Hu FX, Shen BG, Sun JR, et al. Influence of negative
lattice expansion and metamagnetic transition on
magnetic entropy change in the compound
LaFe,, 4Si1 . Appl Phys Lett. 2001;78(23):3675-3677.
doi: 10.1063/1.1375836

Fujita A, Akamatsu Y, Fukamichi K. Itinerant elec-
tron metamagnetic transition in L(Fe,Si; )15 inter-
metallic compounds J. Appl. Phys. 1999;85(8):4756-
4758. doi: 10.1063/1.370471

Fukamichi K, Fujita A. Giant volume magnetostric-
tion caused by itinerant electron metamagnetic tran-
sition and pronounced invar effects in La(Fe,Si; )13
compounds. ] Mater Sci Technol. 2000;16(2):167-
171. https://jmst.org/EN/Y2000/V16/102/167

Fujita A, Fukamichi K. Giant volume magnetostric-
tion due to the itinerant electron metamagnetic tran-
sition in La(Fe-Si);3 compounds. IEEE Trans Magn.
1999;35(5):3796-3798. doi: 10.1109/20.800668

Fujita A, Fujieda S, Fukamichi K, et al. Itinerant-
electron metamagnetic transition and large magneto-
volume effects in L(Fe,Si; 4);3 compounds. Phys Rev
B. 2002;65(1):014410. doi: 10.1103/PhysRevB.65.
014410

Kirchmayr HR, Poldy CA. In: Gschneidner KJ, Eyring
L, editors. Handbook on the physics and chemistry of
rare earths. Vol. 2. Amsterdam: North-Holland; 1979.
p- 55 (Chapter 14).

Zhang M, Shao Y, Li C, et al. High-performance
LaFe,; ¢Si; 4H,/Al composites for magnetic refrigera-
tion: a good combination of magnetocaloric effect,
Mechanical properties, and thermal conductivity. J
Alloys Compd. 2023;962:171123. doi: 10.1016/j.jall
com.2023.171123

Liu J, Moore JD, Skokov KP, et al. Exploring La(Fe,
Si);3-based magnetic refrigerants towards applica-
tion. Scr Mater. 2012;67(6):584-589. doi: 10.1016/j.
scriptamat.2012.05.039

Karpenkov DY, Makarin RA, Karpenkov AY, et al.
Adjusting of the performance characteristics of the
La(Fe, Si);3 compounds and their hydrides for
multi-stimuli cooling cycle application. J Alloys
Compd. 2023;962:171154. doi: 10.1016/j.jallcom.
2023.171154

Tang X, Sepehri-Amin H, Terada N, et al. Magnetic
refrigeration material operating at a full temperature
range required for hydrogen liquefaction. Nat
Commun. 2022;13(1):1817. doi: 10.1038/s41467-
022-29340-2

Lai ], Sepehri-Amin H, Tang X, et al. Reduction of
hysteresis in (La;_<Cey)y(Mn,Fe; 4.,)Si; ¢ magnetoca-
loric compounds for cryogenic magnetic refrigera-
tion. Acta Mater. 2021;220:117286. doi: 10.1016/j.
actamat.2021.117286

Fujieda S, Fujita A, Fukamichi K, et al. Large magne-
tocaloric effect in La(Fe,Si;_y);3 itinerant-electron
metamagnetic compounds. Appl Phys Lett. 2002;81
(7):1276-1278. doi: 10.1063/1.1498148

Boeije MFJ, Roy P, Guillou F, et al. Efficient room-
temperature cooling with magnets. Chem Mater.
2016;28(14):4901-4905. doi: 10.1021/acs.chemmater.
6b00518

Shao Y, Lu B, Zhang M, et al. An X-ray absorption
spectroscopy study of La-Fe-Si-(H) magnetocaloric

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

M.M. PRUSTY et al.

alloys. Acta Mater. 2018;150:206-212. doi: 10.1016/j.
actamat.2018.03.006

Gutfleisch O, Gottschall T, Fries M, et al. Mastering
hysteresis in magnetocaloric materials. Phil Trans R
Soc A. 2016;374(2074):20150308. doi: 10.1098/rsta.
2015.0308

Hu FX, Qian XL, Sun JR, et al. Magnetic entropy
change and its temperature variation in compounds
La(Fe; Coy)11,Si1s. J Appl Phys. 2002;92(7):3620-
3623. doi: 10.1063/1.1502919

Zhang H, Hu FX, Sun JR, et al. Effects of interstitial H
and/or C atoms on the magnetic and magnetocaloric
properties of La(Fe, Si);3-based compounds. Sci
China Phys Mech Astron. 2013;56(12):2302-2311.
doi: 10.1007/s11433-013-5357-1

Chen YF, Wang F, Shen BG, et al. Effects of carbon on
magnetic properties and magnetic entropy change of
the LaFe;; 5Si; 5 compound. J Appl Phys. 2003;93
(10):6981-6983. doi: 10.1063/1.1558658

Fujita A, Fujieda S, Hasegawa Y, et al. Itinerant-elec-
tron metamagnetic transition and large magnetocalo-
ric effects in L(Fe,Sij 4 );3 compounds and their
hydrides. Phys Rev B. 2003;67(10):104416. doi: 10.
1103/PhysRevB.65.014410

Srinithi AK, Bolyachkin A, Tang X, et al. Data-driven
compositional optimization of La(Fe,Si);;-based
magnetocaloric compounds for cryogenic applica-
tions scr. Mater. 2025;258:116486. doi: 10.1016/j.scrip
tamat.2024.116486

Fujita A, Fujieda S, Fukamichi K. Influence of partial
substitution of Ce on the Curie temperature and
magnetic entropy change in itinerant-electron meta-
magnetic L(Fe,Si;_y)13. Compd J Appl Phys. 2006;99
(8):08K910. doi: 10.1063/1.2177196

Fujita A, Fujieda S, Fukamichi K. Changes in electro-
nic states and magnetic free energy in La,_,Ce,(Fe,Si;
_x)13- ] Phys D Appl Phys. 2011;44(6):064013. doi: 10.
1088/0022-3727/44/6/064013

Fujita A, Fukamichi K, Wang JT, et al. Large magne-
tovolume effects and band structure of itinerant-elec-
tron metamagnetic L(Fe,Si; 4);3 compounds Phys.
Rev B. 2003;68(10):104431. doi: 10.1103/PhysRevB.
68.104431

Fujieda S, Fujita A, Fukamichi K. Control of large
magnetocaloric effects and hysteresis of La;_,Ce,
(Feps6Sip.14)13 compounds. IEEE Trans Magn.
2005;41(10):2787-2789. doi: 10.1109/TMAG.2005.
854775

Yang ], Shao YY, Zhang MX, et al. The influence of Ce
on microstructure, phase formation and magnetoca-
loric properties in off-stoichiometric La, ,Ce,Fe;;Si,
alloys. Intermetallics. 2018;103:97-100. doi: 10.1016/j.
intermet.2018.10.002

Bao LF, Hu FX, Chen L, et al. Magnetocaloric proper-
ties of La(Fe,Si);5-based material and its hydride pre-
pared by industrial mischmetal. Appl Phys Lett.
2012;101(16):162406. doi: 10.1063/1.4760262

Hou X, Lampen-Kelley P, Xue Y, et al. Formation
mechanisms of NaZn;;-type phase in giant magneto-
caloric La-Fe-Si compounds during rapid solidifica-
tion and annealing. J Alloys Compd. 2015;646:503-
511. doi: 10.1016/j.jallcom.2015.05.173

Hou X, Han N, Xue Y, et al. Magnetocaloric proper-
ties response in high-speed melt-spun La-Ce-Fe-Si
ribbons. ] Electron Mater. 2016;45(10):4730-4735.
doi: 10.1007/s11664-016-4626-y


https://doi.org/10.1063/1.1847871
https://doi.org/10.1063/1.1375836
https://doi.org/10.1063/1.370471
https://jmst.org/EN/Y2000/V16/I02/167
https://doi.org/10.1109/20.800668
https://doi.org/10.1103/PhysRevB.65.014410
https://doi.org/10.1103/PhysRevB.65.014410
https://doi.org/10.1016/j.jallcom.2023.171123
https://doi.org/10.1016/j.jallcom.2023.171123
https://doi.org/10.1016/j.scriptamat.2012.05.039
https://doi.org/10.1016/j.scriptamat.2012.05.039
https://doi.org/10.1016/j.jallcom.2023.171154
https://doi.org/10.1016/j.jallcom.2023.171154
https://doi.org/10.1038/s41467-022-29340-2
https://doi.org/10.1038/s41467-022-29340-2
https://doi.org/10.1016/j.actamat.2021.117286
https://doi.org/10.1016/j.actamat.2021.117286
https://doi.org/10.1063/1.1498148
https://doi.org/10.1021/acs.chemmater.6b00518
https://doi.org/10.1021/acs.chemmater.6b00518
https://doi.org/10.1016/j.actamat.2018.03.006
https://doi.org/10.1016/j.actamat.2018.03.006
https://doi.org/10.1098/rsta.2015.0308
https://doi.org/10.1098/rsta.2015.0308
https://doi.org/10.1063/1.1502919
https://doi.org/10.1007/s11433-013-5357-1
https://doi.org/10.1063/1.1558658
https://doi.org/10.1103/PhysRevB.65.014410
https://doi.org/10.1103/PhysRevB.65.014410
https://doi.org/10.1016/j.scriptamat.2024.116486
https://doi.org/10.1016/j.scriptamat.2024.116486
https://doi.org/10.1063/1.2177196
https://doi.org/10.1088/0022-3727/44/6/064013
https://doi.org/10.1088/0022-3727/44/6/064013
https://doi.org/10.1103/PhysRevB.68.104431
https://doi.org/10.1103/PhysRevB.68.104431
https://doi.org/10.1109/TMAG.2005.854775
https://doi.org/10.1109/TMAG.2005.854775
https://doi.org/10.1016/j.intermet.2018.10.002
https://doi.org/10.1016/j.intermet.2018.10.002
https://doi.org/10.1063/1.4760262
https://doi.org/10.1016/j.jallcom.2015.05.173
https://doi.org/10.1007/s11664-016-4626-y

Sci. Technol. Adv. Mater. 26 (2025) 15

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

(47]

Tang X, Sepehri-Amin H, Matsumoto M, et al. Role
of Co on the magnetic properties of Ce-substituted
Nd-Fe-B hot-deformed magnets. Acta Mater.
2019;175:1-10. doi: 10.1016/j.actamat.2019.05.064
Shao Y, Liu J, Zhang M, et al. High-performance
solid-state cooling materials: balancing magnetocalo-
ric and non-magnetic properties in dual phase La-Fe-
Si. Acta Mater. 2017;125:506-512. doi: 10.1016/j.acta
mat.2016.12.014

Caron L, Ou ZQ, Nguyen TT, et al. On the determi-
nation of the magnetic entropy change in materials
with first-order transitions. ] Magn Magn Mater.
2009;321(21):3559-3556. doi: 10.1016/j.jmmm.2009.
06.086

Palstra TTM, Nieuwenhuys GJ, Mydosh JA, et al.
Mictomagnetic, ferromagnetic, and antiferromag-
netic transitions in La(Fe,Al,_,);3 intermetallic com-
pounds. Phys Rev B. 1985;31(7):4622-4632. doi: 10.
1103/PhysRevB.31.4622

Shen BG, Sun JR, Hu FX, et al. Recent progress in
exploring magnetocaloric materials adv. Mater.
2009;21(45):4545-4564. doi: 10.1002/adma.200901072
Phejar M, Paul-Boncour V, Bessais L. Investigation
on structural and magnetocaloric properties of
LaFe;3.,Siy(H, C), compounds. J Solid State Chem.
2016;233:95-102. doi: 10.1016/j.jssc.2015.10.016
Fujieda S, Fujita A, Fukamichi K, et al. Large magne-
tocaloric effects enhanced by partial substitution of
Ce for La in La(FegggSip 12)13 compound. J Alloys
Compd. 2006;408-412:1165-1168. doi: 10.1016/j.jall
com.2004.12.112

Fujita A, Yako H. Stability of metallic, magnetic and
electronic states in NaZn;; -type La(Fe,Si 4);3 mag-
netocaloric compounds. Scr Mater. 2012;67(6):578-
583. doi: 10.1016/j.scriptamat.2012.03.033

Mu L, Huang J, Zhang W, et al. Influence of partial
substitution of cerium for lanthanum on magnetoca-
loric properties of La;_,Ce.Fej; 44Si; 56 and their
hydrides JRE. ] Rare Earths. 2014;32(12):1135-1139.
doi: 10.1016/S1002-0721(14)60194-0

Liu Y, Fu X, Yu Q, et al. Significant reduction of
phase-transition hysteresis for magnetocaloric (La;.
x Cey)zFe;1SixHy alloys by microstructural manipula-
tion. Acta Mater. 2021;207:116687. doi: 10.1016/j.acta
mat.2021.116687

Fujieda S, Fujita A, Kawamoto N, et al. Large magne-
tocaloric effect in L(Fe,Si;_4);3 itinerant-electron
metamagnetic compounds. Appl Phys Lett. 2002;81
(7):1276-1278. doi: 10.1063/1.1498148

Fu CY, Fang W, Bao-Gen S, et al. Large magnetic
entropy change near room temperature in the
LaFe;; 5Si; sHy3 interstitial compound. Chin Phys.
2002;11(7):741-744. doi: 10.1088/1009-1963/11/7/318

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(571

(58]

(59]

M.M. PRUSTY et al.

Franco V, Blazquez JS, Ipus JJ, et al. Magnetocaloric
effect: from materials research to refrigeration
devices. Prog Mater Sci. 2018;93:112-232. doi: 10.
1016/j.pmatsci.2017.10.005

Shen J, Wang F, Zhao JL, et al. Reduction in hysteresis
losses and large magnetic entropy change in the B-
doped La(Fe, Si);3 compounds. ] Appl Phys. 2010;107
(9):09A909. doi: 10.1063/1.3349325

Fujieda S, Fujita A, Fukamichi K. Enhancements of
magnetocaloric effects in La(Feg 09Sig.10)13 and its
hydride by partial substitution of Ce for La. Mater
Trans. 2004;45(11):3228-3231. doi: 10.2320/mater
trans.45.3228

Xianga C, Yunguia C, Yongboa T. The effect of high-
temperature annealing on LaFe;; 5Si; 5 and the mag-
netocaloric properties of La;_ CeyFe;; 5Si; s com-
pounds. Rare Met. 2011;30(4):343-347. doi: 10.1007/
$12598-011-0395-1

Ridha S, Sagar G, Petter S, et al. Large room tempera-
ture relative cooling power in
Lao_sprolzcao_lsro_zMnO:;. ] AHOYS Compd.

2020;827:154292. doi: 10.1016/j.jallcom.2020.154292

Zhang H, Long Y, Niu E, et al. Influence of particle
size on the hydrogenation in La(Fe, Si);3 compounds.
J Appl Phys. 2013;113(17):17A911. doi: 10.1063/1.
4794975

Zhao JL, Shen J, Hu FX, et al. Reduction of magnetic
hysteresis loss in Lag sPrg sFe;; 4Si; ¢Hx hydrides with
large magnetocaloric effects. ] Appl Phys. 2010;107
(11):113911. doi: 10.1063/1.3374635

Glushko O, Funk A, Maier-Kiener V, et al.
Mechanical properties of the magnetocaloric inter-
metallic LaFe;; ,Si; ¢ alloy at different length scales.
Acta Mater. 2019;165:40-50. doi: 10.1016/j.actamat.
2018.11.038

Jia L, Sun JR, Shen J, et al. Influence of interstitial and
substitutional atoms on the crystal structure of La
(FeSi);3. J Alloys Compd. 2011;509(19):5804-5809.
doi: 10.1016/j.jallcom.2011.02.124

Terwey A, Gruner ME, Keune W, et al. Influence of
hydrogenation on the vibrational density of states of
magnetocaloric LaFe;; 4Si; gH; 6. Phys Rev B.
2020;101(6):064415. doi: 10.1103/PhysRevB.101.
064415

Banerjee BK. On a generalised approach to first and
second order magnetic transitions. Phys Lett A.
1964;12(1):16-17. doi: 10.1016/j.scriptamat.2012.05.
039

Yan Law J, Franco V, Moreno-Ramirez LM, et al. A
quantitative criterion for determining the order of
magnetic phase transitions using the magnetocaloric
effect. Nat Commun. 2018;9:2680. doi: 10.1038/
s41467-018-05111-w


https://doi.org/10.1016/j.actamat.2019.05.064
https://doi.org/10.1016/j.actamat.2016.12.014
https://doi.org/10.1016/j.actamat.2016.12.014
https://doi.org/10.1016/j.jmmm.2009.06.086
https://doi.org/10.1016/j.jmmm.2009.06.086
https://doi.org/10.1103/PhysRevB.31.4622
https://doi.org/10.1103/PhysRevB.31.4622
https://doi.org/10.1002/adma.200901072
https://doi.org/10.1016/j.jssc.2015.10.016
https://doi.org/10.1016/j.jallcom.2004.12.112
https://doi.org/10.1016/j.jallcom.2004.12.112
https://doi.org/10.1016/j.scriptamat.2012.03.033
https://doi.org/10.1016/S1002-0721(14)60194-0
https://doi.org/10.1016/j.actamat.2021.116687
https://doi.org/10.1016/j.actamat.2021.116687
https://doi.org/10.1063/1.1498148
https://doi.org/10.1088/1009-1963/11/7/318
https://doi.org/10.1016/j.pmatsci.2017.10.005
https://doi.org/10.1016/j.pmatsci.2017.10.005
https://doi.org/10.1063/1.3349325
https://doi.org/10.2320/matertrans.45.3228
https://doi.org/10.2320/matertrans.45.3228
https://doi.org/10.1007/s12598-011-0395-1
https://doi.org/10.1007/s12598-011-0395-1
https://doi.org/10.1016/j.jallcom.2020.154292
https://doi.org/10.1063/1.4794975
https://doi.org/10.1063/1.4794975
https://doi.org/10.1063/1.3374635
https://doi.org/10.1016/j.actamat.2018.11.038
https://doi.org/10.1016/j.actamat.2018.11.038
https://doi.org/10.1016/j.jallcom.2011.02.124
https://doi.org/10.1103/PhysRevB.101.064415
https://doi.org/10.1103/PhysRevB.101.064415
https://doi.org/10.1016/j.scriptamat.2012.05.039
https://doi.org/10.1016/j.scriptamat.2012.05.039
https://doi.org/10.1038/s41467-018-05111-w
https://doi.org/10.1038/s41467-018-05111-w

	Abstract
	Abstract
	1. Introduction
	2. Experimental
	3. Results and discussion
	3.1. Structural analysis of non-hydrogenated and hydrogenated samples
	3.2. Magnetic properties of non-hydrogenated and hydrogenated samples
	3.3. Magnetocaloric performance of non-hydrogenated and hydrogenated samples
	3.4. Microstructure of non-hydrogenated and hydrogenated samples
	3.5. Phase transition behaviours

	4. Conclusion
	Disclosure statement
	Funding
	ORCID
	References

