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Sufficient understanding on the formation mechanism of the La(Fe,Si);3 phase (1:13 or 77) in La-Fe-Si alloys
would be helpful in optimizing the parameters for high-temperature annealing. In-situ annealing experiments of a
centrifugally as-cast LaFe;; ¢Sij 4 plate were performed by using a differential scanning calorimeter (DSC) in the
present study. We confirmed that the 71 phase is resulted from a peritectic reaction between La-rich liquid phase
and a(Fe) solid phase when isothermal annealing at 1423 K. A new finding of a eutectoid decomposition that may

occur within the residual La-rich liquid phase upon cooling was revealed. The isothermal transformation kinetics
of the 7; phase in the as-cast plate followed a simplified model of diffusion-controlled continuous network
growth. The isothermal entropy change (|ASy|) was calculated using the Maxwell equation on M—H data. The
maximum |ASy| value reached 26.89 J/(kg-K) under 30 kOe in the LaFe;; Si; 4 sample annealed at 1423 K for

120 min.

1. Introduction

With the expanding concern for climate change, solid-state magnetic
refrigeration is demonstrating extraordinary potential to replace gas-
pressure refrigeration owing to its higher efficiency and environmen-
tally friendly feature [1-3]. Several kinds of magnetocaloric candidate
materials, including Gd-Si-Ge [4], Mn-Fe—(P,As) [5], La-Fe-Si [6,7],
Heusler-type Ni-Mn—(Ga,In,Sn,Sb) [8,9] and Fe-Rh-based alloys
[10,11], have been reported for the applications in the vicinity of room
temperature. Among which, La—Fe-Si alloys are commercially prom-
ising due to non-toxic constituents, large relative cooling power and
high thermal conductivity.

Firstly, plenty of efforts have been focused on the compositional
adjustment through elemental alloying [12-22]. It was found that the
Curie temperature of magnetic transition in La-Fe-Si alloys generally
increases with expansion of the unit-cell and decreases with shrinkage
although a few abnormal phenomena were reported [23]. Excluding the
effect of impurities or secondary phases, it has been well accepted that
the occupation site of external atoms in the NaZn,s-type crystal struc-
ture of La(Fe,Si);3 phase (1:13 or 77) plays a crucial role [24]. Secondly,
one realized that it is difficult to obtain high-proportional 7; phase in
conventionally as-cast La-Fe-Si alloys [25], and the magnetic properties
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strongly depend on high-temperature annealing process [26]. For
example, a pure 77 phase cannot be obtained in the arc-melted
LaFej; ¢Si1 4 ingot until it was annealed at 1373 K for 5 days [27]. The
maximum isothermal entropy change (ASy) of LaFe;; 5Si; 5 melt-spun
ribbons was 12 J/(kg-K) (H = 15 kOe) when annealing at 1273 K for
2 min, which strikingly enhanced to 17 J/(kg-K) when extending the
annealing time to 120 min [28]. Lastly, although powder metallurgy
[29,30], melt-spinning [31] and centrifugal casting [32] have been used
for the production of La-Fe-Si alloy, it seems that annealing process is
indispensable for the formation of high-proportional z; phase.

Our previous work showed that centrifugal casting method is a
promising approach to produce high-performance La-Fe-Si alloys [32],
however, the understanding of the formation mechanism of the 7; phase
was far from enough. As summarized in Ref. [33], Chen et al. [26] and
Fu et al. [34] proposed that 7; phase formed through a peritectic reac-
tion (Lpaire1sit + a(Fe) — 71) at 1531 K or through a eutectoid reaction
(La;Fe;Siy — 71 + LasSi3) at 1402 K, respectively. Liu et al. [35] sug-
gested that the formation may associate with a eutectoid reaction since
they observed the transient-state a(Fe)/La-rich phase lamellar micro-
structure when annealing the LaFe;; ¢Si; 4 alloy at 1323 K. We recently
noticed that similar lamellar microstructure in La-Fe-Si alloy was re-
ported by Lowe et al. [36] and Yang et al. [37], however, the former
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Fig. 1. DSC chart of the as-cast LaFe;; ¢Si; 4 sample. The magnetic transition of
a(Fe) phase was identified by a small peak.

proposed that it was originated from the thermal decomposition of 7;
phase and the latter attributed to a combination of disseverment pro-
cessing and compositional re-homogenization between a(Fe) and La-
rich phase. More controversial viewpoint on the phase transition
behavior in La-Fe-Si alloys has been reported. For example, Kainuma
et al. [27] determined the melting point of La;Fe;Si; phase to be 1553 K
by DSC measurement, which is different from Chen et al. [26] that they
suggested that the La;Fe;Si; solid phase melted at 1407 K. Therefore, it
is necessary to revisit the phase transition behavior of La-Fe-Si alloy
during high-temperature annealing process.

Different from conventional quartz-tube-sealing annealing method, a
differential scanning calorimeter (DSC) was employed to a centrifugally
as-cast solidified LaFe;;Si; 4 sample so as to in-situ perform the
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annealing process at 1423 K. With a real-time recording on the heat-flow
information [38], it was feasible to ensure that the transformation of 7;
phase happened with the participation of a few liquid phase, and it is
expected to explore a high-efficient annealing routine of La-Fe-Si alloy.

2. Materials and methods

A LaFej; ¢Sij 4 (at.%) plate with a dimension of ~60 mm x 40 mm X
2.5 mm was fabricated using a self-designed centrifugal casting setup at
a cooling rate of ~5000 K/s. The experimental details have been
described elsewhere [32]. The obtained plate was then cut into small
pieces with a diameter of 5 mm. Isothermal annealing experiments were
performed using a differential scanning calorimeter (DSC, Netzsch 404
F3) in argon gas atmosphere. According to the differential scanning
calorimetric chart (Fig. 1), a characteristic temperature of 1423 K, just
above the first endothermic peak (1410 K) upon heating, was chosen to
be the isothermal temperature in the present work. All as-cast
LaFej; ¢Sij 4 samples were heated to 1423 K at a rate of 20 K/min,
holding for 0 min, 1 min, 5 min, 60 min and 120 min, respectively, and
then cooled to room temperature at a rate of 20 K/min. The heat flow
information during annealing processes was recorded (Fig. 2), showing
good reproducibility.

Microstructural observation and elemental analysis were performed
using an electron probe microanalyzer (EPMA-8050G, Shimadzu)
equipped with a wavelength-dispersive spectrometer (WDS). The vol-
ume fractions of various constituent phases were determined based on
the back-scattered electron images using Image Pro-Plus software. X-ray
diffraction (DLMAX-2500) with Cu Ka radiation was employed to detect
the phase and crystal structure. Magnetic properties were measured on a
physical property measurement system (Quantum Design PPMS-9)
under a maximum magnetic field up to 30 kOe.
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Fig. 2. Relationships of DSC heat flow (left vertical axis) and temperature (right vertical axis) vs. time for as-cast LaFey; ¢Si; 4 samples with different isothermal
annealing time (t) at 1423 K. (a) 0 min, (b) 1 min, (¢) 5 min, (d) 60 min and (e) 120 min. The vertical dashed green lines indicate the start and finish of isothermal
annealing at 1423 K. Black arrows on the heat flow curves at about 36 min indicates the magnetic transition of a(Fe) phase.
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Fig. 3. SEM image of as-cast LaFe;; ¢Si; 4 sample (a). Enlarged image showing a(Fe) and La-rich phases (b).
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Table 1
Compositional analyses of the LaFe;; ¢Si; 4 sample with different states (at.%).
Region La Fe Si Phase
As-cast sample White 31.26 + 38.62 + 30.12 + La-rich
0.55 0.76 0.52 phase
Black 0.50 + 95.20 + 4.30 + a(Fe)
0.05 0.17 0.20
Sample annealed White 34.10 + 38.75 + 27.46 + La-rich
for 0 min 0.49 0.42 0.12 phase
Black 0.93 + 97.60 + 1.45 + a(Fe)
0.09 0.08 0.05
Grey 7.68 + 85.92 + 6.38 + 71
0.06 0.13 0.12
Sample annealed White 32.19 + 37.78 + 30.03 + La-rich
for 1 min 0.41 0.44 0.33 phase
Black 0.40 + 97.34 £ 2.26 + a(Fe)
0.02 0.03 0.04
Grey 6.71 + 83.50 + 9.79 + 7
0.03 0.24 0.26
Sample annealed white 32.83 + 36.45 + 30.72 + La-rich
for 5 min 0.22 0.44 0.35 phase
black 0.46 + 97.25 + 2.29 + a(Fe)
0.02 0.08 0.07
grey 6.55 + 83.47 + 9.98 + 71
0.07 0.13 0.12
Sample annealed black 0.49 + 96.95 + 2.56 + a(Fe)
for 60 min 0.02 0.08 0.08
grey 6.33 + 83.75 + 9.92 + 7
0.02 0.16 0.16
Sample annealed black 0.41 + 97.14 + 2.45 + a(Fe)
for 120 min 0.02 0.07 0.08
grey 6.35 = 8383+  9.82+ o
0.08 0.13 0.20

3. Results and discussion
3.1. High-temperature phase transition

The DSC heating curve showed that the melting occurred at 1706 K
and magnetic transition of a(Fe) phase occurred at 1016 K (Fig. 1), as
described in our previous work [32]. Black arrows as marked at about
36 min indicates the magnetic transition of a(Fe) phase (Fig. 2). The
microscopy images showed homogeneously refined microstructure in
the as-cast LaFej; ¢Sij 4 plate (Fig. 3a). Enlarged SEM images showed
dark a(Fe) grains surrounded by intermetallic compound networks in
light contrast (Fig. 3b). WDS elemental analyses confirmed these dark
grains represented a(Fe). Previous researchers have assumed that the
white La-rich phase was La;Fe;Si; (1:1:1) [26-28,32-35], however, our
WDS results did not fully support that assumption in the present work
even though the uncertainty was considered. Different from

conventional arc-melted alloys, the white La-rich phase contained more
Fe element in the LaFe;; ¢Sij 4 plate produced by centrifugal casting
method (see Table 1), which will be discussed later. As annealing at
1423 K increased up to 60 min, more La(Fe,Si);3 phase (i.e. 71 phase)
formed. Consequently, both black a(Fe) and white La-rich phase
decreased significantly (Fig. 4). Between 60 min and 120 min, however,
the white La-rich phase completely disappeared, and the other two
phases remained almost level: the 7; matrix phase accounted for 97 vol
%, and the isolated a(Fe) phase remained less than 3 vol%.

According to the XRD patterns obtained from the bulk samples
(Fig. 5), one can see that most of the diffraction peaks can be well
indexed to be either NaZn; s-type 7; phase or bcc-type a(Fe) phase. Three
peaks at 20 = 24.70°, 32.98° and 39.24° from La;Fe;Si; (CuxSb-type
structure) disappeared for the samples annealed at 1423 K for 60 min
and 120 min. Additionally, three weak peaks at 20 = 21.34°, 23.54° and
42.24° may be from LaFe,Siy , (AlB,-type structure), LaFeSis (CeNiSio-
type structure) or LaFesSiy (Al4Ba-type structure) in the samples
annealed at 1423 K for 0 min and 1 min were detected [27], however, it
is hard to distinguish these phases in Fig. 4 due to the rather small
amount.

In order to quantitatively study the formation kinetics of the r; phase
in our sample, we measured the volume fraction of the 7; phase as a
function of time subjected to isothermal annealing at 1423 K (Fig. 6).
The volume fraction increased rapidly for the first two minutes (stage 1),
slowly for the next 40 min (stage 2), and remained almost unchanged
thereafter (stage 3). In the final stage, the volume fraction of the 7; phase
remained the same, indicating that chemical homogenization may have
occurred. From that behavior, we deduced that the formation kinetics of
the 7; phase followed the JMAK equation [39-42]:

x(1) =1 —exp(—k,t")

where x(t) is the fraction of the 7; phase after annealing for time t, and
the two parameters characterizing the phase transition process are n (the
Avrami index) and ky (the formation rate constant). Using our experi-
mental data, the values of n and k, were determined to be 0.47 + 0.03
and 0.69 + 0.07 min~, respectively. When n is near 0.5, the formation
of the phase can be visualized as the thickening of a very large plate (see
Table 2) [43]. We used this simplified model to describe the formation of
a phase as a continuous network growth. Dai et al. reported, during
annealing at 1373 K of a LaFej; ¢Sij 4 plate sealed in a quartz tube, that
the n value was 0.43 [33], comparable to our present study although the
transformation of 7; phase was completed within at least 48 h. In an arc-
melted ingot of La(Fegg9Sio.11)13, however, even with a chemical
composition (LaFe;; 57Si; 43) close to that of our centrifugally as-cast
plate, the transformation of 7; phase required up to 200 h for
isothermal annealing at 1323 K. The n value of the arc-melted-ingot was
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Fig. 4. SEM images of the LaFe;; ¢Si; 4 sample annealed at 1423 K for different isothermal time. (a,b) 0 min, (c) 1 min, (d) 5 min, (¢) 60 min and (f) 120 min.

0.93, indicating that reaction in the arc-melted ingot followed the
growth mechanism of a discontinuous 7; phase involving a finite long
plate/needle [44].

The formation mechanism of 7; phase in LaFe;1 ¢Si; 4 plate annealed
at 1423 K was deduced from our microstructural data. Some microcracks
were visible in Fig. 4a, c and d (as marked by red arrows) accompanying
with the disappearance of a few white La-rich phase. It is reasonable to
conclude that when annealing at 1423 K, above the first melting peak
(1410 K), the 77 phase is resulted from a peritectic reaction between La-
rich liquid phase and a(Fe) solid phase. There was almost no crack in the
samples when annealing for 60 min and 120 min, indicating the peri-
tectic reaction have completed. Enlarged SEM images for samples
annealing at 1423 K for 1 min and 5 min (Fig. 7a and b) showed typical
shell feature resulting from peritectic reaction. From the elemental
distributions of La, Fe and Si in the sample annealing for 1 min (Fig. 7c-

e), one can see a narrow transition layer between white La-rich phase
and grey 7; phase (as marked by red arrows in Fig. 7c), indicating the
occurrence of strong atomic interdiffusion. After the La-rich liquid phase
was consumed, the formation of 7; phase enters solid-state composi-
tional homogenization. In accordance with our previous study [32], the
endothermic peaks at 1477 K and 1581 K correspond to the formation
and remelting of 71 phase upon heating, respectively.

Lastly, it should be noted that the white La-rich phase has been
assumed to be La;Fe;Si; phase, however, the compositional analyses
(Table 1) in the present study do not fully support the point From the
enlarged image (Fig. 4b) taken from the red rectangular frame in Fig. 4a,
one can clearly distinguish two distinct phases existed in the white re-
gion when the sample was heated to 1423 K and then cooling directly (¢
= 0 min). Furthermore, lamellar feature can also be observed in the
residual white phase for the samples when holding for 1 min and 5 min
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Fig. 5. XRD patterns of the LaFe;; ¢Si; 4 sample annealed at 1423 K for different isothermal time.
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Table 2

Summary of the n values in kinetic law x(t) = 1 —exp( —k,t") during diffusion-
controlled growth process corresponding to various experimental conditions
[43].

All shapes growing from small dimensions >1.5
Growth of particles of appreciable initial volume 1~15
Needles and plates of finite long dimensions 1
Thickening of long cylinders (needles) 1
Thickening of very large plates 0.5

(Fig. 7a and b), which can be reflected by the brightness contrast from
the back-scattered electron images. Blurred lamellar feature also
appeared in the centrifugally as-cast sample, as marked by a white circle
in Fig. 3b. The compositional difference is beyond the detection limit of
WDS instrument, however, in combination with the XRD results, we can
still speculate that the La-rich liquid phase may undergo a eutectoid
decomposition upon cooling, for example, L, — La;Fe;Siy 4+ LaFe,Sia
or other phases.

3.2. Magnetic properties

A magnetization curve as a function of temperature (M—T) for the
LaFej ¢Si1.4 sample annealed for 120 min was measured under a low
magnetic field of 500 Oe. One can find that the sample changed from
ferromagnetic to paramagnetic on heating (Fig. 8a) [45]. The non-zero
magnetization (2.5 emu/g) above the Curie temperature was associ-
ated with the residual of a few a(Fe) phase (Fig. 4f).

Isothermal magnetization curves (M—H) around the magnetic tran-
sition between 150 K and 240 K were measured (Fig. 8b). In the present
study, all magnetization isothermals were recorded in the following
sequence: when the sample was initially cooled to 150 K under a zero-
field, the magnetic field was gradually increased from zero to a
maximum strength of 30 kOe and then decreased to zero. After one M—H
curve was measured, the temperature was raised to the next consecutive
value at an interval of 3 K. When the temperature was lower than 189 K,
the sample showed ferromagnetism. Between 189 K and 198 K, hyster-
esis losses (HL) were clear. The hysteresis loss of energy generally dis-
sipates in the form of thermal energy, and thus lead to the decrease of
refrigeration capacity. Further raising the temperature up to 201 K, the
sample fully transformed to be paramagnetic state. The Arrot plots
converted from the M—H curves showed typical S-shape around the
Curie temperature (Fig. 9). According to Inoue-Shimizu model [46], the
slope should be all positive if the type of phase transition is second-
order, and the curve should have a negative slope (S-shape) if the type
is first-order. We therefore conclude that the annealed sample under-
went a first-order phase transition in the vicinity of 192 K.
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Si content increasing

Fig. 7. Enlarged SEM images of the LaFe;; ¢Si; 4 sample annealed at 1423 K for 1 min (a) and 5 min (b). (c-e) showing the elemental distributions of La, Fe and Si,
respectively, corresponding to (a).
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Isothermal entropy change (ASy) is a key parameter to evaluate
refrigeration capacity, which can be estimated using the Maxwell
equation in the present work:[47]

" oM
ASw(T,H) = S(T,H) — S(T,0) = / (—) dH.
o \9T /),

The ASy peaks of our sample showed asymmetrical broadening
phenomena at higher temperatures (Fig. 10a). The corresponding
average hysteresis loss was also used for estimation of refrigeration ca-
pacity by finding the integral of HL with respect to a temperature within
the temperature range of magnetic transition (Fig. 10b). By compre-
hensively considering both ASy; and HL, effective refrigeration capacity
(RCeff) can be calculated as follows:

5 /
¥
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~ ]
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Thot

Thot
RCe; = / |ASM(T)‘dT — HL(T)dT /(Thot — old )5
Teold

Teold

where Tho and Teq are the temperatures corresponding to the full-
width-half-minimum (FWHM) of the isothermal entropy curve (see
Table 3). Compared to our previous work [32], the RCe value slightly
increased (8.5%) and the annealing time shortened from 180 min to 120
min, which is closely linked to the accelerated transformation by
increasing the annealing temperature from 1373 K to 1423 K.
Combining optimized heat treatment with the centrifugal casting
method, the refrigeration capacity was comparable to the convention-
ally arc-melted LaFej; ¢Si; 4 sample annealed at 1523 K for 4 h [48].

4. Conclusions

With regard to the LaFe;1 ¢Si; 4 plate produced by centrifugal casting
method, the high-temperature phase transition behavior was revisited.
In-situ annealing process was performed by using a differential scanning
calorimeter. After analyzing the magnetic properties of samples cut from
the as-cast plate and annealed at 1423 K for 120 min, we drew the
following conclusions:

(1) The 7; phase was confirmed to form through a peritectic reaction
between La-rich liquid phase and a(Fe) phase in samples
isothermally annealed at 1423 K. The white La-rich phase in the

Table 3
Magnetic properties of the LaFe;; ¢Si; 4 sample annealed at 1423 K for 120 min.
H (kOe) Teota (K) Thot (K) [ASy| (3/(kg-K)) RCeft (J/Kg)
10 187.40 190.83 23.40 55.63
20 187.32 194.57 26.12 132.75
30 187.30 199.08 26.89 227.10
(b)
40+ ¥ |—0—10kOe
—A— 20 kOe
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Fig. 10. Isothermal entropy change (ASy) as a function of temperature for the LaFe;; ¢Si; 4 sample annealed at 1423 K for 120 min (a) and the corresponding
hysteresis losses (b) under the magnetic field change of 10 kOe, 20 kOe and 30 kOe, respectively.
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centrifugally as-cast plate may undergo a eutectoid decomposi-
tion upon cooling.

(2) The formation kinetics of the 7; phase in the as-cast LaFeqq ¢Siy 4

plate followed a simplified model of one-dimensional diffusion-
controlled continuous network growth. Using the Maxwell
equation on M—H data, a maximum |ASy| value of 26.89 J/
(kg-K) under 30 kOe was achieved in the LaFej; ¢Si; 4 sample
annealed at 1423 K for 120 min.
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