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A  sub-rapidly  solidified  LaFe11.6Si1.4 plate  was  fabricated  directly  from  liquid  by  centrifugal  casting
method.  The  phase  constitution,  microstructure  and magnetocaloric  effect  were  investigated  using
backscatter  scanning  electron  microscopy,  X-ray  diffraction,  differential  scanning  calorimetry  and  phys-
ical  property  measurement  system.  When  the  plate  was  annealed  at 1373  K,  �1 phase  was formed  by
a  solid-state  peritectoid  reaction.  A  first-order  magnetic  phase  transition  occurred  in the  vicinity  of
188 K,  and  the  effective  refrigeration  capacities  reached  203.5  J/kg  and  209.7  J/kg  in plates  annealed  for
a–Fe–Si
agnetocaloric effect

apid solidification
entrifugal casting

1  h  and  3 h,  respectively,  under  a magnetic  field  change  of  3 T. It is  suggested  that  centrifugal  casting
may  become  a new  approach  to prepare  high-performance  La–Fe–Si  magnetocaloric  plates  for  prac-
tical  applications,  which  could  largely  accelerate  the  formation  of  �1  phase  during  high-temperature
heat-treatment  process  due  to refined  and  homogeneous  honeycombed  microstructure.

y  Els
hase transition ©  2017  Published  b

. Introduction

Magnetic refrigeration has been widely utilized in low-
emperature region since 1980s [1]. With regard to the applications
ear room temperature, Brown developed a magnetic heat pump
sing heavy rare-earth Gd metal as magnetocaloric materials in
976 [2]; however, it did not attract much attention until Gschnei-
ner and Pecharsky discovered giant magnetocaloric effect (GMCE)
f Gd5(Si,Ge)4 in 1997, which exhibited a higher magnetic entropy
hange (�SM) at least doubled that of Gd [3]. Compared with
he conventional vapor compression/expansion system, magnetic
efrigeration can be up to 30% more energy-efficient; furthermore,
t makes less noise due to the absence of a compressor and makes
se of water-based coolants instead of gaseous refrigerants, and

herefore it has been strongly pushed during the past two decades
4]. Several countries, including US [5], Japan [6], France [7], China
8] and Canada [9], developed various types (rotary/reciprocating)
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of room-temperature magnetic refrigerators. Recently, Haier of
China, along with Astronautics Corporation of America and BASF of
Germany, presented a prototype of a magnetocaloric wine cooler
in 2015 [10]. Cooltech Applications of France also announced their
commercial magnetic cooling system in 2016 [11].

Among three constituent parts in a room-temperature magnetic
cooling system, both magnet (superconducting/permanent) and
heat exchanger are relatively mature, whereas the bottleneck lies
in the exploration of low-cost super-performance magnetocaloric
materials. Although over 100 kinds of magnetocaloric materials
have been reported, a few of them are suitable for practical use
[12–15]. From the viewpoint of price/performance ratio, La–Fe–Si
system is considered to be one of the most potential candidates
[16]. In case of La–Fe–Si, the main challenge is how to obtain high-
proportional NaZn13-type La(Fe,Si)13 (1:13, �1) phase. Niitsu and
Kainuma reported that neither �(Fe) nor LaFeSi (1:1:1) phases
could be eliminated in arc-melted LaFe11.6Si1.4 bulk alloy even
annealed at 1173 K for 45 days, because of the abrupt declination

of the solidus line of �1 phase and the low atomic diffusivity. An
increase in temperature to 1373 K for 5 days was  needed to obtain
a pure �1 phase [17]. Although melt spinning technique is help-
ful to promote the formation of �1 phase, the resultant ribbons
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sting setup (a) and image of the produced plate (b).
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Fig. 1. Schematic diagram of the centrifugal ca

ave to be embedded into polymer matrix for practical applica-
ions, and it is inevitable to arise more unexpected problems, such
s interfacial bonding and thermal conductivity [18,19]. Besides,
he intrinsic brittleness of �1 phase largely restricted its produc-
ion and applications, and how to fabricate La–Fe–Si plates without
omplex machining is another challenge [20–22].

In the present work, we firstly attempted to prepare a sub-
apidly solidified La–Fe–Si plate by employing centrifugal casting
ethod [23], and investigated the phase constitution, microstruc-

ure and magnetocaloric effect. The main objective is to explore
he feasibility of centrifugal casting for the fabrication of La–Fe–Si
lates.

. Materials and experiments

A button LaFe11.6Si1.4 (at.%) ingot was first arc-melted from pure
a (99.9 wt%), Fe (99.99 wt%) and Si (99.999 wt%) in argon gas atmo-
phere. The plate with a dimension of ∼60 mm × 40 mm × 2.5 mm
as fabricated using a customer-designed centrifugal casting

etup, as illustrated in Fig. 1. The chamber was vacuumed and
hen filled with high-purity argon for protection. When the but-
on ingot was remelted by high-frequency induction heating, the

elt was poured into a high-speed rotary centrifugal copper mold
w = 3000 rpm) through the graphitic funnel. The cooling rate was
stimated to be about 5000 K/s. Two samples were cut from the
roduced plate, sealed in quartz tubes and annealed at 1373 K for

 h and 3 h, respectively, followed by water quenching. Hereinafter
he as-cast plate and two annealed samples for 1 h and 3 h were
eferred to as RP0, RP1 and RP3, respectively. One more sample
as annealed at 1423 K for 1 h for comparison in the present work.

Microstructural observations were performed using a backscat-
er scanning electron microscopy (SEM, JSM-6700) equipped with
n energy-dispersive spectrometry (EDS). Topological morphol-
gy was obtained by 3D roughness reconstruction method. X-ray
iffraction (XRD, DLMAX-2500) with Cu K˛ radiation was employed
o detect the phase and crystal structure at a scanning rate
f 1◦/min. High-temperature differential scanning calorimetric
easurement (DSC, NETZSCH 404 F3) was carried out at a heat-

ng/cooling rate of 20 K/min. Magnetic properties were conducted
n a physical property measurement system (Quantum Design
PMS-9) under a maximum magnetic field up to 3 T.

. Results and discussion
.1. Phase and microstructure

Backscatter SEM image of arc-melted LaFe11.6Si1.4 alloy is pre-
ented in Fig. 2, where one can see coarse dendrites as previously
Fig. 2. Backscatter SEM image of arc-melted LaFe11.6Si1.4 alloy.

reported [24]. The SEM image of LaFe11.6Si1.4 as-cast plate (RP0)
shows refined and homogeneous honeycombed microstructure
(Fig. 3(a)). EDS analyses reveal that the black and white areas repre-
sent �(Fe) and LaFeSi phases, respectively. A few La-rich (La,Fe)5Si3
(5:3) phase close to shrinkage cavities can be found (Fig. 3(b)), as
shown in the topological morphology in Fig. 3(c), indicating that
the (La,Fe)5Si3 phase is a product of residual liquid phase during
rapid cooling. After annealing at 1373 K for 1 h, the contents of both
�(Fe) and LaFeSi phases decrease dramatically. Isolated �(Fe) and
slightly agglomerated LaFeSi phases distribute in the grey �1 matrix
(Fig. 3(d)). The �1 phase significantly increases from 76.1 vol.% to
89.8 vol.% after annealing for 3 h (Fig. 3(e)). The volume fractions
of the phases were determined from at least 10 SEM images. The
average chemical composition and volume fraction for �(Fe), LaFeSi
and �1 phases are listed in Table 1.

XRD patterns show that in the RP0, the major diffraction peak
is from �(Fe) phase at 43.9◦ (Fig. 4(a)). After annealing at 1373 K
for 1 h (RP1), the XRD intensity from �1 phase increases while the
intensity from LaFeSi phase is reduced. After annealing at 1373 K for
3 h (RP3), the intensity of �(Fe) main peak at 43.9◦ decreases notice-
ably and the peaks from �1 phase dominate the pattern [25]. A few

weak peaks from (La,Fe)5Si3 phase are detected in both annealed
plates although it is difficult to be found in the SEM images. Diffrac-
tion peaks at 43.9◦ and 64.2◦ from �(Fe) phase in RP1 and RP3
shift towards lower angles compared with those of RP0, indicating
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Fig. 3. Backscatter SEM images of LaFe11.6Si1.4 plates: (a, b) RP0, (d) RP1 and (e) RP3. (c) A topological morphology showing La5Si3 phase close to shrinkage cavities in RP0,
and  the curves in the right represent the depth change measured from 4 typical zones.
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Table  1
Average chemical composition (at.%) and volume fraction (vol.%)a for each phase in the LaFe11.6Si1.4 plate.

�(Fe) LaFeSi �1

Fe Si vol.% La Fe Si vol.% La Fe Si vol.%

RP0 93.0 7.0 69.3 30.0 36.5 33.5 30.7 – – – 0
RP1  95.3 4.7 17.6 26.7 38.6 34.7 6.3 6.5 80.8 12.7 76.1
RP3  95.6 4.4 6.4 27.2 40.8 32.0 3.8 6.8 81.6 11.6 89.8

a The volume fraction was estimated from SEM images.

1.6Si1.4 plates at room temperature.
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Fig. 4. XRD patterns of LaFe1

hat the unit cell expands slightly in RP1 and RP3 after anneal-
ng (Fig. 4(b)). The expansion can be attributed to some smaller
i atoms desolventizing from the sub-rapidly solidified supersat-
rated �(Fe) phase. The shift of diffraction peaks of �1 phase also
uggests an expansion of the unit cell because of reduced Si con-
ents after prolonged annealing (Fig. 4(a)), as confirmed by EDS in
able 1.

.2. High-temperature phase transition behavior

In order to clarify the high-temperature phase transition
ehavior of sub-rapidly solidified plate, DSC measurement was
onducted. Firstly, a small fluctuation at 1016 K upon heating, as
ircled in Fig. 5, shows the Curie temperature for the magnetic
ransition of �(Fe) phase, as shown in Fe–Si binary phase diagram
26]. The increase of Curie temperature (1087 K) upon cooling is
ttributed to less Si dissolved in the sample formed upon solid-
fication with lower cooling rate (20 K/min) than that used for
ub-rapidly solidified plate (∼5000 K/s). Secondly, as for the equi-
ibrium solidification process of La–Fe–Si, it has been commonly
ccepted that �(Fe) is the primary phase and �1 is a peritectic
hase [27,28]. With this in mind we can conclude that the two sharp
xothermic peaks (1651 K and 1509 K) upon cooling (20 K/min) are
aused by the formation of �(Fe) and �1 phases, respectively. The
orresponding endothermic peaks appearing at 1580 K and 1694 K
pon heating are resulted from the melting of �1 and �(Fe) phases,
espectively, as noted in Fig. 5. Lastly, from the enlarged heat-flow

eating curve between 1250 K and 1650 K, as shown in the inset,
ne observes peaks 1 (1400 K) and 2 (1480 K). We  suggest that they
orrespond to the melting of LaFeSi phase and the formation of
1 phase, respectively. Based on the model, we conclude that the
Fig. 5. DSC curve of the sub-rapidly solidified LaFe11.6Si1.4 plate (20 K/min).

1373 K heat treatment of the present work was  fully completed
within solid-phase stage.

On the formation of �1 phase during solid-state heat-treatment
stage, Fu et al. proposed that the �1 phase formed through a eutec-
toid reaction (LaFeSi → �1 + La5Si3) at 1445 K in the LaFe11.5Si1.5
based on DSC measurement [29]. Liu et al. also proposed that it may
be associated with a certain eutectoid reaction based on a lamel-
lar structure feature that they observed in annealed LaFe11.6Si1.4 at

1323 K; however, they did not find La5Si3 (5:3) inside the tran-
sition layer [30]. As shown in Fig. 3(b and c), we proposed the
(La,Fe)5Si3 phase is resulted from the residual liquid phase during
rapid cooling. It is pronely considered that the �1 phase is formed
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Fig. 6. (a) Backscatter SEM image of sub-rapidly solidified LaFe Si plate annealed at 1423 K for 1 h. (b) EDS measurements taken from the grey matrix, white and black
p ical co
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articles, showing �1, (La,Fe)5Si3 and �(Fe) phases, respectively. The average chem

hrough peritectoid interdiffusion between �(Fe) and LaFeSi phases
ased on the following three facts: (1) the annealing temperature
f 1373 K is very close to the melting point of LaFeSi phase (1400 K);
2) one can observe that a few �1 phase was surrounded by �(Fe),
s marked by a white oval circle in Fig. 3(d); (3) LaFeSi phase com-
letely vanished when the plate was annealed at 1423 K for 1 h
∼91 vol.% �1 phase), just above the peak 1 (1400 K), as shown in
ig. 6, where all the white particles are determined to be (La,Fe)5Si3
hase by EDS. Compared with the conventional bulk alloys, the
iffusion process at 1373 K in the sub-rapidly solidified plate was
trikingly accelerated due to refined and homogeneous microstruc-
ure.

.3. Magnetic transition and magnetocaloric effect
The field cooling and field heating M-T curves were measured
nder a low magnetic field of 0.05 T, as shown in Fig. 7. Both RP1 and
P3 show a similar trend. A sudden drop of magnetization occurs
pon heating, corresponding to a ferromagnetic-paramagnetic

ig. 7. Magnetization curves of annealed LaFe11.6Si1.4 plates upon heating and cool-
ng  under a magnetic field of 0.05 T. Insets are the dM/dT plots upon heating.
mpositions (at.%) for each phase are added on the EDS spectra.

transition [31]. Whereas upon cooling, the reverse phase transi-
tion happens. The Curie temperature is defined as the minimum
in dM/dT value, see the insets in Fig. 7, which are 187.6 K for RP1
and 188.8 K for RP3 upon heating, respectively. The magnetization
above the Curie temperature of RP3 is smaller than that of RP1
owing to less residual �(Fe) phase [32]. The temperature hystere-
sis of magnetic transition upon heating and cooling is about 4.5 K
and 7.7 K, respectively. Several selected isothermal magnetization
M-H curves around the Curie temperature are shown in Fig. 8(a and
b), which were measured under a maximum magnetic field change
of 3 T with a temperature interval of 3 K. The samples were firstly
cooled down to 150 K with zero-field, and then heated up to 225 K.
The stripped areas marked in Fig. 8(a and b) stand for the hysteretic
losses. Fig. 8(c and d) is the Arrot plots (M2 versus �0H/M) [33]
calculated from the M-H curves, where inflection points (S-shape)
around the Curie temperature are observed in both RP1 and RP3.
These features (hysteretic loss and inflection point) are strong evi-
dences for the first-order phase transition [34]. The increasing and
decreasing magnetic field processes are indicated by arrows.

According to the M-H curves, magnetic entropy change (�SM)
can be estimated using the Maxwell equation [35], as shown in
Fig. 9. In the work, the magneotcaloric effect under the magnetic
field change of 3 T was  focused. One can find that �SM(T,H) peaks
have asymmetrical broad phenomena to higher temperature. The
maximum |�SM| values are 20.9 J/(kg K) for RP1 and 22.2 J/(kg K)
for RP3, respectively, under a magnetic field change of 3 T. After
subtracting the average hysteretic losses resulted from the first-
order phase transition, the effective refrigeration capacities (RCeff)
[36] reach 203.5 J/kg and 209.7 J/kg, respectively. Compared with
conventional long-term annealed LaFe11.6Si1.4 bulk alloy [30,37],
the sub-rapidly solidified plate demonstrates excellent refrigera-
tion capacity even annealed at 1373 K for 1 h. It is interesting to
find that RP1 still contains about 17.6 vol.% �(Fe) phase, which
has been proved to be beneficial to the mechanical properties
[38]. Therefore, our work provides a feasible approach to produce
high-strength (with better functional fatigue) giant magnetocaloric
La–Fe–Si plates. In terms of future research, it is worthy to explore

its magnetic/mechanical properties with dual-phase (�(Fe) + �1)
coupled microstructure.
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Fig. 8. (a, b) Selected isothermal magnetization curves under a magnetic field change of 3
plates.

Fig. 9. Magnetic entropy change values as a function of temperature for annealed
LaFe11.6Si1.4 plates.
 T and (c, d) the Arrot plots around the magnetic transition of annealed LaFe11.6Si1.4

4. Conclusions

We  investigated the phase constitution, microstructure
and magnetocaloric effect in a sub-rapidly solidified La–Fe–Si
plate in the present work and the following conclusions are
obtained.

(1) Centrifugal casting provides a new approach to produce
La–Fe–Si magnetocaloric plates, which could strongly promote
the formation of �1 phase by refining the phase and microstruc-
ture.

(2) The �1 phase is formed through solid-state peritectoid reaction
between LaFeSi and �(Fe) phases when annealing at 1373 K for
the sub-rapidly solidified LaFe11.6Si1.4 plate.

(3) Annealed LaFe11.6Si1.4 plate undergoes a first-order magnetic

phase transition around 188 K, and the effective refrigeration
capacities reach 203.5 J/kg and 209.7 J/kg under a magnetic field
change of 3 T after annealed at 1373 K for 1 h and 3 h, respec-
tively.
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