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Magnetocaloric properties of phenolic resin bonded La(Fe,Si){3-based
plates and its use in a hybrid magnetic refrigerator
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We present a simple hot press-based method for processing La(Fe,Si);3-based compounds consisting of La—Fe—Co—
Si—C particles and phenolic resin. The magnetic entropy change AS per unit mass for the LaFe g §7Coq ¢3511.5Co.2/phenolic
resin compounds have nearly the same magnitude with the base materials. With the content of phenolic resin of 5.0 wt%, the
compound conductivity is 3.13 W-m~!-K~!. In order to measure the cooling performance of La(Fe,Si);3-based compounds,
the La(Fe|.6_xCox)Si; 4Cp 15 (x =0.60, 0.65, 0.75, 0.80, 0.85)/phenolic resin compounds were pressed into thin plates and
tested in a hybrid refrigerator that combines the active magnetic refrigeration effect with the Stirling cycle refrigeration
effect. The test results showed that a maximum cooling power of 41 W was achieved over a temperature span of 30 K.
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1. Introduction

Magnetic refrigeration technology based on magne-
tocaloric effect (MCE) has been considered as a potential sub-
stitute of conventional vapor compression refrigeration due to
its intrinsic high-efficiency and environment friendliness.!!=!
The magnetocaloric effect is a magneto-thermodynamic phe-
nomenon that the magnetocaloric materials absorb or emit heat
when undergoing a changing magnetic field. It is quantified
by the adiabatic temperature change AT,q or the isothermal
entropy change AS.P! The magnitude is typically a few de-
grees for AT,q when the working field in a practical refrigera-
tor is generated by permanent magnets (maximum 2 T). Using
an active magnetic regenerator (AMR) can generate a temper-
ature span exceeding the adiabatic temperature change AT,q
of the given magnetocaloric material.[®) An AMR is gener-
ally a porous bed of magnetocaloric material which simulta-
neously acts as a refrigerant to generate cooling and a conven-
tional regenerator to exchange heat with the heat transfer fluid
and build up a temperature gradient.!! Most recently, the dis-
covery of room-temperature giant magnetocaloric materials,
such as Gds(Si,Ge;_,)4,!""! La(Fe,Si);3,['%!"] MnAs-based
compounds,'>"14" NiMn-based,!">~!”! and La;_,Ca,MnOj3

[18-20] has pushed the magnetic refrigeration tech-

manganite,
nology a big step forward. Among these magnetocaloric
materials, La(Fe,Si);3-based compounds are widely accepted

as one of the most promising candidates due to their easy
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and environmentally friendly preparation, low cost, non-toxic
constituent elements, and excellent magnetocaloric effect.[?!]
By partially substituting Fe with Mn!??! or Co,!?*! or intro-
ducing interstitial hydrogen (H)** or carbon (C)**! in the
La(Fe,Si)3 crystal structure, the Curie temperature 7. asso-
ciated with the optimal operating temperature for a magne-
tocaloric material can be tuned over a large temperature span
from ~ 170 K to ~ 340 K, while the large MCE can remain
and the hysteresis loss may decrease. The tunable Curie tem-
perature is important for an efficient AMR, as a single mate-
rial exhibits a large MCE only within a relatively small tem-
perature range near its transition temperature. In order to
achieve a high performance refrigerator, multi-layer AMR bed
was proposed by arranging different magnetic materials in se-
ries along the temperature gradient according to their Curie
temperatures. (>

The large MCE in La(Fe,Si);3-based compounds is due
to the thermally-induced first-order transition between the fer-
romagnetic (FM) and paramagnetic (PM) states and the field-
induced itinerant—electron metamagnetic (IEM) transition at
temperatures near but above 7.2

The performance of the magnetic regenerator is deter-
mined not only by the MCE properties, but also by its chemical
and mechanical stability, regenerator geometry, and thermal
conductivity of the magnetocaloric material.'*! In an efficient
AMR cycle, the heat must be timely transferred from the inte-
rior of magnetic refrigerant to the heat transfer fluid and hardly
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transported between the magnetocaloric materials in the ax-
ial direction.!””! In order to improve the efficiency of heat
transfer and reduce the pressure drop, the materials are prefer-
ably shaped into regular geometries such as plates other than
spheres or flakes with the diameter or plate thickness down to
0.1 mm—0.6 mm.[?8] However, it is a challenge to process the
brittle La(Fe,Si)3-based compounds into plates with small di-
mensions. Recently, spherical La(Fe,Si)3, their hydrides and
La(Fe,Co,Si)13 were realized by using the rotating electrode
process (REP).[2:3% The diameter of these spherical particles
can be adjusted within a wide range from 0.1 mm to 1.2 mm.
However, this method requires expensive equipment and a
big ingot per production cycle. The La(Fe,Co,Si);3 plates
with thicknesses from 0.25 mm to 1.0 mm and the mono-
lithic regenerator with slots of 0.2 mm were machined by the
thermally induced decomposition and recombination (TDR)
process.*!) More complex geometries of La(Fe,Co,Si);3 mag-
netic refrigerant blocks, such as the wavy-channel design with
a high surface-to-volume ratio and the transverse-fin design
without unwanted longitudinal heat-conduction, were suc-
cessfully prepared through the selective laser melting (SLM)
process. 3’ However, the SLM blocks generated 29-wt% im-
purity phases (o-Fe, La-rich and 1:1:1 phase) that would sig-
nificantly reduce the MCE. There is also a report that the mag-
netic cooling performance of the porous La(Fe,Si)3-based al-
loys significantly improved by electroless copper plating. Af-
ter Cu coating, the thermal conductivity as well as corrosion
resistance was increased, and the magnetic hysteresis loss was
decreased.!*3! However, this method required complex elec-
trolyte and accurate control of deposition rate.

Besides thermal performance, a practical magnetic refrig-
eration device requires good mechanical stability to undergo
millions of thermodynamic cycles and periodically varying
magnetic field. It has been reported that the bulk La(Fe,Si);3
alloy lost its mechanical integrity after the 4th temperature-
field cycle and the AT,q simultaneously reduced because of its
large volume change during the first-order transition. >4

For commercial applications, La(Fe,Si);3-based materi-
als must be cheaply and mass-fabricated into suitable forms
(spheres, plate shapes, wires, efc.) for refrigerators without
impairing the precious magnetocaloric effect and mechanical
stability. However, machining process remains a challenge
and key task for practical application since La(Fe,Si);3-based
intermetallic compounds are very brittle and present a volume
change in a changing magnetic field.*>!

Here we present a simple hot press-based method for pro-
cessing La(Fe,Si)3-based compounds. Magnetocaloric effect,
thermal properties, and cooling performance are studied ex-
perimentally for these La(Fe,Si);3-based/phenolic resin plates.
The cooling performance was demonstrated in a hybrid refrig-
erator that combines the active magnetic refrigeration effect
with the Stirling cycle refrigeration effect.

2. Hot press method for plate manufacturing

A one-step fabrication strategy is carried out by hot press-
ing compounds of La(Fe,Si);3-based alloy powders and solid
phenolic resin (PR) binder (consisting of phenolic resin pow-
der and hexamethylenetetramine powder) at a relatively low
temperature. The hot pressing procedure is shown in Fig. 1.
The magnetic particles are in contact with each other under
applied pressure. Concurrently, PR is rapidly cured by heat-
ing and then glues the entire magnetocaloric material powders
together into various forms of plate, arc, washer or cylinder
shapes corresponding to the molds. If required, secondary pro-
cessing such as drilling and incising can be easily performed.

Aiming at the quality factor of mechanical strength in the
process, the optimum curing condition is determined by the
non-isothermal and isothermal differential scanning calorime-
try (DSC) analysis of PR.

The non-isothermal DSC curves of PR with the heating
rates of 5, 10, 15, and 20 °C-min~! are displayed in Fig. 2(a).
Increasing the heating rate resulted in the DSC curves shifting
to higher temperature ranges with increased peak width, sug-
gesting that PR can be cured in a reduced time as the heating
rate enhances. The peak temperature (7, calculated from the
non-isothermal DSC curves) versus the heating rate is plotted
in Fig. 2(b), wherein a good linear relation can be achieved.
By extrapolation of heating rate to zero, the intercept of the
straight line can be regarded as the optimal curing temperature
(Tfﬁ)), which is 144.25 °C. We then select integer 150 °C as the
molding temperature. Figure 2(c) shows the isothermal DSC
curves of PR with a cure temperature of 150 °C. It is noted
that the cure reaction displayed a typical autocatalytic charac-
teristic, since the maximum exothermic peak appeared at time
> 0. Shown in Fig. 2(d), the experimental isothermal reaction
conversion ¢ as a function of time can be obtained from the
ratio of integral area of the reaction exothermic peak to the to-
tal reaction exotherm, which is calculated from Fig. 2(c) and
calculated using

1 "dH

- [ g 1
= AH Jo ar M

where H, ¢, and AH| represent the DSC heat flow, the reaction
time, and total reaction exotherm. We can find that the con-
version o reached up to 98.8% when the PR was heated for
10 min. That is, almost all of the PR powders have bonded
together in 10 min. Therefore, the curing condition is selected
at 150 °C for 10 min based on a compromise between pro-
cessing time and conversion. After setting the curing con-
dition, plate-shaped LaFe o §7C00.63511.5C0.2/PR (denoted as
LFCSC/PR) compounds have been prepared and investigated.
The compounds with 2.5-wt% and 5-wt% PRs are denoted as
97.5-LFCSC and 95-LFCSC, respectively.
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Fig. 1. Photograph of fabrication procedure for plate-shaped La(Fe,Si);3/PR compounds.
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Fig. 2. (a) DSC curves of PR with different heating rates. (b) Relation-
ship between curing temperatures and heating rates of PR. (c) DSC curves
of isothermal cure of PR at 150 °C. (d) Experimental isothermal reaction
conversion as a function of time of PR.

3. Measurement of the plate properties
3.1. Instrumentation

The crystalline structures were identified by room-
temperature powder x-ray diffraction (XRD) with Cu Ko
radiation. The surface morphologies and the phase com-
position were analyzed by a S-4300 scanning electron mi-

croscopy (SEM) equipped with energy dispersive spectrom-

eter (EDS). The density of bonded samples was measured by
the Archimedean method. The measurements of thermal dif-
fusivity were performed with the NETZSCH LFA 427 device.
The measurements were performed at the temperature 304 K
(at zero magnetic field). The specific heat was measured using
a heat capacity option on Quantum Design physical property
measurement system (PPMS), and the thermal conductivity x

was calculated using
k=a-p-cp, 6)

where &, k, p, and c, represent thermal diffusivity, ther-
mal conductivity, density, and specific heat, respectively. The
Curie temperature, Tc, was determined by the minimum of
dM/dT of temperature dependence of magnetization M(T),
measured in a low magnetic field (0.01 T). The isothermal en-
tropy change, AS, was calculated from magnetization isother-
mal M(H) using the Maxwell relation. Two PT100-type plat-
inum resistance thermometers were used to measure the hot-
and cold-end temperatures (7 and 7i), respectively. Mean-
while, a nickel chromium heating wire powered by a direct
current source is wound around the cold-end heat exchanger
to measure the cooling power. The measured parameters, re-
lated instruments, and measurement uncertainties are listed in
Table 1.

Table 1. Uncertainties of the experimental measurements.

Parameters Instruments Range Uncertainties
Thermal diffusivity (mm?.s~1) NETZSCH LFA 427 0.1-1000 2.2%
Density (kg-m~3) Sartorius ENTRIS64-1S 0.0001-60 0.1 %
Specific heat (J-)kg~'-K~1) PPMS 1.9-400 2%
Temperature (K) PT100 thermometer 80—-400 +0.1 K
Cooling power (W) LW DC power supply 0-192 2.4%
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3.2. Property measurement results

Figure 3 shows the SEM images of pure LFCSC parti-
cles (see Fig. 3(a)) and the fracture surfaces of LFCSC/PR
compounds. Besides LFCSC particles, the other phase that
strongly adheres to the partial surface of the alloy particles
and bonds the particles together with a flexible morphology is
the cured phenolic resin (see Figs. 3(b) and 3(c)). The bright
white areas are attributed to the phenolic resin. These can be
further confirmed by EDS analysis at several areas marked as
a—e in the SEM images (presented in Table 2). It can be seen
that compositions and element proportions of the surfaces of
alloy particles in these compounds are almost in line with that
of pure LFCSC, while flexible phases b and e display a great
quantity of C atoms, O atoms, and a negligible amount of La,
Fe, Co, Si. As shown in Fig. 3(b), alloy particles, whether big
or small, are in close contact with each other. Small particles

occupy voids between adjacent big particles. Only partial sur-
faces of the alloy particles are coated by the cured phenolic
resin. It is noted that the resin strongly bonds contiguous par-
ticles together and does not break the contacts between parti-
cles, which ensures the mechanical strength of the compound
and smooth heat transfer channels. This special structure of
the 97.5-LFCSC compound arises from using solid binder of
phenolic resin powders rather than liquid polymer. One could
imagine that if liquid polymer is used, it would fully cover the
surface of all alloy particles, even block those direct contact
sites between alloy particles. As the mass fraction of the phe-
nolic resin increases to 5 wt%, the architectural features of the
LFCSC/PR compounds still remained, except that there are
more resin covering on the partial surfaces of alloy particles
and filling the voids between particles without breaking their

contact (shown in Fig. 3(c)).

Fig. 3. SEM images of (a) pure LECSC particles, (b) the fracture surface of 97.5-LFCSC, and (c) the fracture surface of 95-LFCSC.

Table 2. EDS analysis of areas marked as a~e in the SEM images.

Atomic (%) La Fe Co Si C (0]

LaF610.37C00'63SiL5C0'2 7.04 76.55 4.44 10.56 1.41 0
a 7.79 79.01 5.00 647 1.73 0
2.02 1393 0.71 0.60 70.11 12.62
7.51 7333 425 1081 4.10 0
7.62 7523 4.65 10.13 2.37 0
3.08 6.18 0 0.34 62.06 28.34

LA SRSV

Figure 4(a) shows powder XRD patterns of pure LFCSC
alloy and LFCSC/PR compounds. For pure LFCSC alloy, all
the diffraction peaks belong to cubic NaZnjs-type structure
(1:13 phase), and there is no apparent secondary phase, such
as o-Fe phase or La-rich phase. In the case of 97.5-LFCSC
and 95-LFCSC compounds, the diffraction peak positions re-
main exactly the same with that of pure LFCSC, which sug-
gests that the NaZn3-type structures remain unchanged when
covering with the cured PR. Furthermore, there are no obvious
impurity phases as well.

Temperature dependence of magnetic entropy change AS
for pristine LFCSC alloy and its compounds are shown in
Fig. 4(b). The maximum value of |AS| for the pristine LFCSC
alloy was 5.30 J-kg~'-K~! (uAH =2 T), which was attributed
to the field-induced IEM from the PM to FM and the concur-
rent negative lattice expansion above the T;.. Magnetic entropy

change AS for the 97.5-LFCSC and 95-LFCSC are nearly the
same with that of pristine alloy, which is not surprising since
non-magnetic PR would not disturb the magnetic field gen-
erated by the permanent magnet and not destroy the crystal
structures of magnetic materials. Due to the dilution effect
caused by the addition of polymer and the sampling errors,
the AS values of these compounds are somewhat lower than
that of pure magnetic materials. The maximum magnetic en-
tropy ASp are 5.06 J-kg~!-K~! for 97.5-LFCSC compound
and 4.99 J-.kg=!-K~! for 95-LFCSC compound, which de-
creased by 4.5% and 5.8%, respectively, compared with that
of pristine LFCSC alloys.

To obtain a high performance AMR, excellent thermal
transport properties are very crucial. Table 3 shows the ther-
mal conductivity k of LFCSC, 97.5-LFCSC, and 95-LFCSC
at 304 K (Each compound has two samples being tested).
The thermal conductivity of LFCSC is 8.67 W-m~!.K~!,
and the thermal conductivity is reduced to 3.01 W-m~1.K~!
for 97.5-LFCSC. This is due to the porous structure of
bonded 97.5-LFCSC composites. Although LFCSC parti-
cles may contact each other, there is very large thermal con-
tact resistance, coupled with low thermal conductivity of the
resin filled in the pores between the particles, resulting in
a decrease in the thermal conductivity of composite materi-

027502-4



Chin. Phys. B 32, 027502 (2023)

als. But the thermal conductivity of 97.5-LFCSC is appar-
ently higher than that of the reported porous LaFe;; ¢Sij 4H,
(2.0 W-m—1-K~! at 300 K)** and LaFe;; Si; 4/3.0-wt% Cu
compounds (2.7 W-m~!.K~! at 300 K, Cu plating before

[36] with particle sizes of raw materials rang-

cold pressing)
ing from 177 pm to 250 um. The relatively high values of
these two samples are due to the reason that the point con-
tacts between adjacent alloy particles provide good conduc-
tive paths, which is in coincidence with the SEM analysis
(shown in Fig. 4). As the mass fraction of Phenolic Resins
(PR) increased from 2.5 to 5.0, the thermal conductivity of
this composite material was increased to 3.13 W-m~1.K~!,
which further proved that the increased PR filled the pores
between the magnetic particles without destroying the mag-
netic properties contact between particles. The thermal con-
ductivities of 95-LFCSC and 97.5-LFCSC are higher than that
of La;_,Ca,MnO3; (I W-m 1. K~1-2 W.m~1.K~1)B71 and
MnAs (~ 2 W-m~1.K~1)38 magnetocaloric materials, which
is beneficial to attaining a relatively high cooling power.?’]
The following experiments are all based on 95-LFCSC.
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Fig. 4. (a) The x-ray diffraction patterns of the pure LFCSC alloy, 97.5-

LFCSC, and 95-LFCSC. (b) Entropy change AS as a function of tem-

perature under a field change of 0 T-2 T for LFCSC, 97.5-LFCSC, and

95-LFCSC.

Table 3. The thermal conductivity x of LFCSC, 97.5-LFCSC, and 95-
LFCSC at 304 K.

m-l.x-1
Material KWmK7)
First sample Second sample Average
LFCSC 8.68 8.65 8.67
97.5-LFCSC 3.12 2.89 3.01
95-LFCSC 3.23 3.03 3.13

The isothermal magnetic entropy changes —ASym of
La(Fej; 6-xCoy)Si14Co15 (x = 0.6, 0.65, 0.7, 0.75, 0.8,
0.85)/PR compounds with 5-wt% PR are obtained from the
experimental isothermal magnetization data by using the
Maxwell relation

H
AS(T,H) = /0 (OM/3T)y dH.

Figure 5 shows the temperature dependences of —ASy for
magnetic field changes 2 T. The maximum values of mag-
netic entropy change (—ASy™) are 7.1, 7.0, 4.8, 5.9, 6.0,
and 5.3 J-.kg='-K~!, respectively. The —ASy* decreased
monotonically for La(Feq; ¢—,Co,)Si;4Cp.15/PR compounds
with decreased x except at x = 0.7. The reason for this
may be the error that was made in the processing of
La(Fej.6_xCoy)Si; 4Cp.15 (x =0.7). For this reason, this com-

pound was not used in the next experiments.

8
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Fig. 5. The magnetic entropy change as a function of temperature for the
La(Fe;.6-xCoy)Si; 4Co 15 (x = 0.6, 0.65, 0.7, 0.75, 0.8, 0.85)/PR com-
pounds under 0 T-2 T.

The volumetric entropy change is more important from
the practical point of view.[!! For a magnetic refrigera-
tor, the designer needs to know the cooling per unit vol-
ume, and thus it is more meaningful to use volumet-
ric ASy, to evaluate the usage of magnetocaloric materials.
Through density measurements, which was measured by the
Archimedean method, the calculated results of the maximum
La(Fel1,6_XCOX)Si1‘4C0,15 (x :06, 065, 075, 08, 085)/PR
volumetric magnetic entropy are 36.4, 35.9, 30.4, 3.9, and
27.4 mJ-cm®-K~!, respectively. As compared with the value
of pure La(Fe; _Co04)Si;.4Co.15, which are about 49.6, 48.4,
41.6, 43.0, 37.6 mJ.cm®- K1, respectively, the volumetric
magnetic entropy decrease 26.7%, 25.5%, 26.9%, 28.1%,
27.1%, respectively. The reduction of the volumetric ASy,
mostly result from the porous structure of the composite ma-
terial and the presence of low density resin.

As shown in Fig. 5, the changing Curie temperature with
x content within the temperature range roughly from 27 K to
300 K is very useful for refrigerator working around this tem-

perature span.
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4. Regenerator construction and its test in hy-
brid magnetic refrigerator

In order to evaluate the cooling performance of the
La(Fe,Si);3-based/PR plates in a magnetic refrigerator, a
multi-layered La(Fe; ¢_Co,)Si; 4Cp.15 (x = 0.60, 0.65, 0.75,
0.80, 0.85)/PR (with 5-wt% PR) AMR has been constructed.
The disc-shaped samples with a thickness of 0.5 mm were cut
into plates (10-mm wide). These plates were filled in stainless
steel rings (inner diameter of 44.5 mm, thickness of 0.5 mm) in
series to form parallel plate regenerators with a plate spacing
of 0.5 mm (shown in Fig. 6). A hybrid refrigerator combining
the active magnetic refrigeration effect and the Stirling cycle
refrigeration effect!*’! has been used to test the multi-layered
AMR which is made up of 8 sections of parallel plate regen-
erators (two x = 0.65 sections, two x = 0.8 sections). Fig-
ure 7 illustrates the system configuration. The main compo-
nents of the hybrid refrigerator include: a compression piston
with cylinder, an expansion piston with cylinder, a hot heat
exchanger (HHEX), a regenerator, a cold-end heat exchanger

Stirling refrigerator

Compression
chamber

(CHEX), a thermal buffer tube, and a magnet. Among them,
the HHEX, the regenerator and the CHEX are shared by both
the Stirling cycle refrigerator, and the magnetic refrigerator.
The regenerator is held stationary within the magnetic field.

cud

Fig. 6. Photograph of La(Fe  ¢_,Coy)Sij 4Cp.15/PR plates with a thick-
ness of 0.5 mm and a layer cross-section view of regenerator made out
of these parallel plates.

Parallel plate regenerator

Expansion Regenerator PTFE tube
chamber \ /
Thermal buffer tube cHEx < Inter magnet > HHEX
Outer magnet

Fig. 7. Schematic diagram of the hybrid refrigerator.

Figure 8 shows that the measured cooling power of the
system as a function of time at a charged helium pressure
of 4.5 MPa and operating frequency of 2.5 Hz, where cool-
ing curves with and without the MCE are illustrated. With
and without the MCE are the hybrid mode and the pure Stir-
ling cycle mode, respectively. The temperature span is defined
to be hot-end temperature 7y minus cold-end temperature 7j,
and the simulated cooling load in the system is provided by a

nickel-chromium heating wire and a DC power supply. Fig-

ure 8 clearly shows that the cooling performance of the hybrid
machine at o = 60° is better than that of pure Stirling cycle re-
frigeration at the same operation conditions. The phase angle
is defined as phase difference between the maximum value of
varying compression volume and the maximum value of vary-
ing magnetic field. The phase angle represents the relationship
between the applied magnet field and heat transfer fluid flow
rate. At the phase angle of 60°, hybrid refrigerator achieved

maximum efficiency. The system has produced a maximum
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no-load temperature span of 41 K and cooling power of 41 W
over a temperature span of 30 K. With the same operation con-
ditions, the temperature spans and cooling power in the hybrid
machine have increased compared to pure Stirling cycle refrig-

eration.
320F — Ty-60° With MCE 4
—T1-60°
— Ty-N
310r 'y Without MCE
__300r With MCE ]
N Heat load 41 W
< 290 -
280 eat 10341 37 W
Without MCE
2701 b
0 400 800 1200 1600
Time (s)

Fig. 8. The cooling-down curves for using the multi-layer
La(Fey.6-xCo,)Si1 4Co.15 (x = 0.60, 0.65, 0.75, 0.80, and
0.85)/PR AMR at 4.5 MPa and 2.5 Hz.

The result is worse than that obtained from the previous
study using Gd.!*! The reason for this mostly is that the ther-
mal conductivity of Gd plates (10.6 W-m~!-K~1) is better than
the phenolic resin bonded La(Fe,Si)3-based plates. The abil-
ity of transfer heat from the magnetic material to the heat trans-
fer fluid is one of the most important determining factors of
the AMR efficiency. On the other hand, in AMR designs heat
transfer within the magnetic material along the bed in the di-
rection of the fluid flow would diminish the efficiency of the
AMR. Therefore, it depends on not only the large MCE of
the refrigerant material but also the excellent thermal trans-
port properties. The performance of a magnetic refrigerator
even need to design the thermal conductivity of the magnetic
material to achieve an anisotropic distribution of the thermal
conductivity. That is a lower thermal conductivity of the mag-
netocaloric material in the streamwise direction would lead to
higher performances in the regenerator. Thus, the regenerator
bed including eight separated parallel plate regenerators have
been designed (shown in Fig. 7), in order to improve the ther-
mal resistance along the length of a parallel-plate magnetic
regenerator.

5. Conclusion

This paper presents a simple procedure which was de-
veloped for processing brittle La(Fe,Si);3 towards high per-
formance magnetic refrigerants. It is a promising mold-
ing process for producing mechanically stable refrigerants
with excellent magnetic cooling effect. A compound of
La(Fe,Si)3-based alloy powders and thermoset phenolic resin
powders was hot pressed at 150 °C and 20 MPa to ob-
tain plate-shaped La(Fe,Si);3/PR compound magnetic refrig-

erants. Through incorporation of 2.5-wt% PR and 5-wt%

PR, the maximum entropy change ASp, per unit mass of
LFCSC was decreased by 4.5% and 5.8%, respectively. That
is, the large entropy change AS remained. It is partic-
ularly worth mentioning that the thermal conductivity of
the LFCSC/PR compound with 5-wt% PR could reach up
to 3.13 W-m'.K~!. The La(Fe;;¢_,C0,)Si14Co15 (x =
0.60, 0.65, 0.75, 0.80, 0.85)/phenolic resin compounds were
pressed into thin plates and tested in a hybrid refrigerator
that combines the active magnetic refrigeration effect with
the Stirling cycle refrigeration effect. Testing using multi-
layer La(F611,6,XCOX)Si1,4C0_15 (x = 0.60, 0.65, 0.75, 0.80,
0.85)/PR AMR gives a maximum cooling power of 41 W over
a temperature span of 30 K under a pressure of 4.5 MPa and a
frequency of 2.5 Hz.

Unlike those processes that use additional chemistry
reagents, high temperature, high pressure or complex equip-
ment, this work represents an environmentally friendly and
energy-efficient process for manufacturing regularly-shaped
magnetic refrigerants. The excellent magnetocaloric effect
and reasonable thermal conductivities of the La(Fe,Si);3/PR
compound magnetic refrigerant, in addition to the very low
material costs, easy fabrication, and molding, make it an at-
tractive candidate for commercial magnetic refrigerator.

Moreover, this method is also suitable for fabricat-
ing plate-shaped La(Fe,Si);3Hgs/PR compounds given a well-
controlled heating temperature.
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