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High-temperature phase transition behavior and intrinsic brittleness of NaZn13-type s1 phase in La–Fe–Si
magnetocaloric materials are two key problems from the viewpoint of materials production and practical
applications. In the present work, the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation was intro-
duced to quantitatively characterize the formation kinetics of s1 phase in sub-rapidly solidified
LaFe11.6Si1.4 plates during the isothermal annealing process. Avrami index was estimated to be 0.43
(�0.5), which suggests that the formation of s1 phase is in a diffusion-controlled one-dimensional
growth mode. Meanwhile, it is found that the Vickers hardness as a function of annealing time for
sub-rapidly solidified plates also agrees well with the JMAK equation. The Vickers hardness of s1 phase
was estimated to be about 754. Under a magnetic field change of 30 kOe, the maximummagnetic entropy
change was about 22.31 J/(kg�K) for plates annealed at 1323 K for 48 h, and the effective magnetic refrig-
eration capacity reached 191 J/kg.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Solid-state magnetic refrigeration demonstrates a potential to
replace the conventional vapor compression technology with its
energy saving and environmentally benign features [1–3]. Several
kinds of room-temperature magnetocaloric materials, including
Gd�Si�Ge [4,5], Mn(As,Sb) [6], MnFe(P,As) [7], La�Fe�Si [8,9]
and Heusler Ni–Mn�Ga(Sn,Sb) [10–13], have been explored.
Among these materials, La–Fe�Si with an itinerant-electron meta-
magnetic (IEM) transition in cubic NaZn13-type La(Fe,Si)13 phase
(denoted as s1 phase [14]) attracted tremendous attention due to
low cost of raw materials and tunable Curie temperatures
[15–20]. Presently, two key aspects should be addressed: (1) to
clarify the high-temperature formation mechanism of the s1 phase
for high-efficiency materials fabrication; and (2) to overcome the
intrinsic brittleness of the s1 phase for high-frequency engineering
applications.

It has been well accepted that the s1 phase in La�Fe�Si alloys
with low Si concentration forms through a peritectic reaction
(a(Fe) + L? s1) upon cooling [21–23]. However, narrow tempera-
ture window makes it difficult to obtain high-proportional s1
phase, and thus high-temperature annealing has to be conducted
[24]. Up to date, the formation mechanism of s1 phase during
annealing process is still unclear although a lot of efforts have been
made [25–34]. Taking LaFe11.6Si1.4 bulk alloy as an example, Chen
et al. [25] suggested that upon heating, the LaFeSi (1:1:1) phase
first melts at 1407.6 K, and the s1 phase results from a peritectic
reaction occurred between a(Fe) and liquid LaFeSi above this tem-
perature; while below this temperature, a peritectoid reaction
between a(Fe) and solid LaFeSi happens. In a different viewpoint,
Fu et al. [26] proposed that an eutectoid reaction (LaFeSi ? s1 +
La5Si3) could occur at 1402 K instead of the melting of LaFeSi
phase; and Liu et al. [27] also speculated that the s1 phase may
be associated with a certain eutectoid reaction based on the finding
of lamellar microstructure when annealing LaFe11.6Si1.4 at 1323 K,
and it should be noted that La5Si3 phase was invisible inside the
lamellar transition layer although the eutectoid reaction was not
specified.

Recently, we produced sub-rapidly solidified LaFe11.6Si1.4 plates
(�2.5 mm thickness) with enhanced magnetocaloric properties
usinga centrifugal castingmethod. Comparedwith the conventional
arc-melted bulk alloys, the formation of s1 phase in sub-rapidly
solidified plates was strikingly facilitated, and a thermodynamic
model has been proposed [35]. In order to optimize

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2018.02.009&domain=pdf
https://doi.org/10.1016/j.jmmm.2018.02.009
mailto:hxzheng@shu.edu.cn
https://doi.org/10.1016/j.jmmm.2018.02.009
http://www.sciencedirect.com/science/journal/03048853
http://www.elsevier.com/locate/jmmm


Y. Dai et al. / Journal of Magnetism and Magnetic Materials 454 (2018) 356–361 357
heat-treatment routes, the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation will be introduced to characterize the formation
kinetics of s1 phase in sub-rapidly solidified LaFe11.6Si1.4 plates in
the present work. On the other hand, only a limited literature was
reported on the mechanical properties of La–Fe–Si magnetocaloric
materials [36,37], so the JMAK equation will also be used to reveal
the relationship between phase constituents and hardness so as to
provide more information for practical applications.
2. Experimental

Pure La (99.9 wt%), Fe (99.99 wt%) and Si (99.999 wt%) were
used to make sub-rapidly solidified LaFe11.6Si1.4 plates (�60 � 40
� 2.5 mm3) by a centrifugal casting setup in argon under a cooling
rate of �5000 K/s. Experimental details have been described else-
where [35]. The produced plates were sealed in quartz tubes and
annealed at 1323 K for various time durations, followed by water
quenching. Three more experiments were performed at 1273 K
for kinetic analysis of s1 phase.

Microstructural observations were performed using a scanning
electron microscope (SEM, JSM-6700) equipped with a backscatter
image detector and an energy-dispersive spectrometer (Bruker
EDS). The volume fractions of the phases were determined from
the SEM images. The hardness measurements were performed by
a Vickers hardness method using 500 gf load and 5 s of load dura-
tion (MVS-1000Z, China). The Vickers hardness was determined by
averaging at least 10 readings. Topological morphology of intent
was obtained by three-dimensional roughness reconstruction
method. Magnetic properties were conducted on a physical prop-
erty measurement system (Quantum Design PPMS-9) under a
maximum magnetic field up to 30 kOe.
a b
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Fig. 1. Backscattered SEM images of LaFe11.6Si1.4 plates, as-cast state (a), annealed at 132
arrow are a(Fe) phase. The light particles indicated by arrows are from LaFeSi phase. Th
3. Results and discussion

3.1. Formation kinetics of s1 phase

Backscattered SEM images revealed phase and microstructure
in LaFe11.6Si1.4 plates (Fig. 1). Ultrafine and homogeneous
microstructure was obtained throughout the as-cast plates
(Fig. 1a), which consisted of black dendritic a(Fe) phase and white
LaFeSi phase [35,38]. In the plate annealed at 1323 K for 3 h, s1
phase emerged (Fig. 1b). With increased annealing time, more s1
phase formed and consequently, both a(Fe) and LaFeSi phases
decreased significantly (Fig. 1c–f). In the sample annealed for 48
h, the s1 phase accounted for up to 94 vol%, while the a(Fe) and
the LaFeSi phases each decreased to 3 vol%. The volume fractions
of a(Fe), LaFeSi and s1 phases as a function of the annealing time
at 1323 K were presented in Fig. 2a. The evolution of phase and
microstructure showed similar feature for those samples annealed
at 1273 K (not shown here).

Previous researchers have shown that annealing of LaFe11.6Si1.4
bulk alloy at 1323 K for 300 h resulted in pure s1 single phase [39].
Therefore the isothermal formation kinetics of s1 phase can be
described by the JMAK equation [40–46]

xðtÞ ¼ 1� expð�kv tnÞ ð1Þ
where x(t) is the fraction of formation phase at the annealing time t;
and where n (the Avrami index) and kv (the formation rate constant)
are two parameters characterizing the phase transition process. The
value of kv can be expressed by

kv ¼ k0 expð�E=RTÞ ð2Þ
where k0 is a constant, R is the gas constant, E is the activation
energy, and T is the annealing temperature expressed in K. The
c
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3 K for 3 h (b), 6 h (c), 12 h (d), 24 h (e) and 48 h (f). The dark particles indicated by
e grey background is from s1 phase.
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Fig. 2. (a) Volume fractions of a(Fe), LaFeSi and s1 phases as a function of the annealing time at 1323 K. (b) ln(�ln(1 � x(t))) vs. lnt plot for the s1 phase. (c) Formation rates of
s1 phase at 1323 K and 1273 K (present work), 1373 K and 1423 K [35], the solid lines indicating the fitting results from Eq. (1). (d) ln kv vs. 1000/T plot.
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Avrami index and formation rate constant can be evaluated from
the slope and intercept from the plot of ln(�ln(1 � x(t))) against
lnt, respectively, since Eq. (1) can also be written as follows:

lnð�lnð1� xðtÞÞÞ ¼ nlnt þ lnkv ð3Þ
For the formation of s1 phase in sub-rapidly solidified LaFe11.6-

Si1.4 plates, our calculations showed that average value of n was
0.43 ± 0.03 for reactions occurring in the temperature range. The
corresponding k values are listed in Fig. 2b. Fig. 2c presented the
fitting results from Eq. (1). Using these four formation rates, the
activation energy E for the formation of s1 phase was estimated
to be 301 kJ/mol (Fig. 2d), which is slightly lower than that in con-
ventional arc-melted bulk alloys (�312 kJ/mol [39]).

According to Table 1 [47], the n value of 0.43 in the sub-rapidly
solidified plates suggests that the morphology of s1 phase is close
to thickening of very large plates with n = 0.5, which is a simplified
model of continuous network growth of s1 phase. The n can also be
divided into three parameters: n = a + b/c, where a is the nucleation
Table 1
Summary of the n values in kinetic law x(t) = 1 � exp(�ktn) during diffusion
controlled growth process corresponding to various experimental conditions (from
Ref. [47]).

n

All shapes growing from small dimensions �1.5
Growth of particles of appreciable initial volume 1–1.5
Needles and plates of finite long dimensions 1
Thickening of long cylinders (needles) 1
Thickening of very large plates 0.5
index; b is the dimensionality of growth; c is either 1 for linear or 2
for parabolic growth [48]. Because our data include only growth, a
is zero. For a parabolic growth, c = 2. The b therefore should be 1,
indicating a one-dimensional growth. While for the arc-melted
bulk alloy with similar activation energy, n = 0.93 (�1) [39] implies
a two-dimensional thickening mechanism of discontinuous s1
phase (b = 2) due to the initial coarse phase and microstructure.

3.2. Vickers hardness

The values of Vickers hardness for the samples annealed at
1323 K were given in Fig. 3a. During the isothermal process, the
Vickers hardness increases with the volume fraction of the s1
phase. We analyzed the Vickers hardness using the JMAK equation

HeðtÞ ¼ 1� expð�khv tmÞ ð4Þ
where He(t) is defined as HeðtÞ ¼ ðHt � H0Þ=ðH/ � H0Þ, H0 is the
hardness in the initial as-cast state, Ht is the hardness at annealing
time t, H/ is the hardness at an infinitely long annealing time t/, khv
is the temperature-dependent hardness rate constant, and m is the
Avrami index. The estimated values of m and khv from our experi-
mental data were 0.484 and 0.045 min�1, respectively. Therefore,
Vickers hardness as a function of annealing time at 1323 K can be
expressed as

Ht ¼ 754� 540� expð�0:045� t0:484Þ ð5Þ
As discussed above, one can conclude that the Vickers hardness

of pure s1 phase is about 754. Topological images of two typical
indents showed that the indent becomes smaller after annealing



0 500 1000 1500 2000 2500 3000
200

300

400

500

600

700

 Experimental data @1323 K
 Fitting curve  (R2=0.99)

Vi
ck

er
s 

H
ar

dn
es

s 
(H

V)

Annealing time t (min)

a

b c

depthmax = 46.4 µm depthmax = 35.2 µm

(Fe)

1

LaFeSi

20 µm 20 µm

Fig. 3. (a) Vickers hardness as a function of the annealing time, the symbol and the solid line representing the experimental data and the fitting curve using Eq. (5),
respectively. (b) Topological morphology of an indent in an as-cast sample; (c) Topological morphology in an annealed sample for 48 h. Cracks are marked by red arrows.
Black and white contracts represent a(Fe) and LaFeSi, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Y. Dai et al. / Journal of Magnetism and Magnetic Materials 454 (2018) 356–361 359
for 48 h under the same load. In the as-cast sample (Fig. 3b), cracks
were confined with the indented area. In the annealed sample
(Fig. 3c), however, the crack extended to deformation-affected
zone, and one can conclude that a(Fe) and LaFeSi phases are effec-
tive to hamper crack development to some extent.

3.3. Magnetocaloric properties

The present work investigated the magnetocaloric property of
the LaFe11.6Si1.4 sample annealed for 48 h because it contained
maximum volume fraction of s1 phase among all samples. Magne-
tization curves (M-T) under a low magnetic field of 500 Oe were
measured, which showed a ferromagnetic-paramagnetic IEM tran-
sition at about 189 K upon heating and a reverse transition at
about 182 K upon cooling. To determine the Curie temperatures
during heating and cooling processes, we assessed the minimum
values of dM/dT for each of these curves (see inset in Fig. 4a).
Isothermal magnetization curves (M-H) around the Curie tempera-
ture at intervals of 3 K between 150 K and 240 K show clear hys-
teresis losses between 186 K and 198 K (Fig. 4b). Arrot plots (M2

vs. H/M) calculated for these isothermal magnetization curves
show a typical S-shape around the Curie temperature (Fig. 4c),
indicating that the annealed plate undergoes a first-order phase
transition [49,50]. Using the Maxwell equation [51]
DSMðT;HÞ ¼ l0

Z H

0

@M
@T

� �
H

dH ð6Þ

The magnetic entropy change (DSM) as a function of tempera-
ture can be calculated (Fig. 4d). The maximum |DSM| values are
17.90 J/(kg�K), 21.24 J/(kg�K) and 22.31 J/(kg�K) under magnetic
field changes of 10 kOe, 20 kOe and 30 kOe, respectively, which
are higher than most reported values of LaFe11.6Si1.4 bulk alloys
[28,52,53], and comparable to the values reported in LaFe11.35Co0.6-
Si1.05 bulk alloy [54]. After subtracting the average hysteresis loss
of 10.8 J/kg (inset in Fig. 4d), the effective refrigeration capacity
(RCeff) [55,56] reaches about 191 J/kg under a magnetic field
change of 30 kOe.

4. Conclusions

(1) The JMAK equation was used to describe the formation
kinetics of s1 phase in sub-rapidly solidified LaFe11.6Si1.4
plates. The formation of s1 phase is a diffusion-controlled
one-dimensional growing process because of initial refined
and homogeneous microstructure.

(2) The Vickers hardness of LaFe11.6Si1.4 annealed plates agrees
well with the JMAK equation. The hardness of s1 phase
was estimated to be about 754.



Fig. 4. (a) Magnetization curve (M-T) of LaFe11.6Si1.4 plate annealed for 48 h under a magnetic field of 500 Oe. The inset is the dM/dT plot showing the Curie temperatures. (b)
Isothermal magnetization curves (M-H) measured between 150 K and 240 K under a magnetic field change of 30 kOe. Hysteresis losses between 186 K and 198 K are marked
by stripped areas. (c) The Arrot plots (M2 vs. H/M) around the Curie temperature. (d) Magnetic entropy change (|DSM|) values as a function of temperature, and the inset
showing the hysteresis loss under 30 kOe.
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(3) The sub-rapidly solidified LaFe11.6Si1.4 plate annealed at
1323 K for 48 h undergoes a first-order phase transition in
the vicinity of 189 K upon heating, the maximum magnetic
entropy change is 22.31 J/(kg�K) under a magnetic field
change of 30 kOe, and the effective magnetic refrigeration
capacity reaches 191 J/kg.
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