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Abstract: The occupation mechanism and magnetic transition behavior of trace Zn and P alloying in
the sub-rapidly solidified LaFe11.6Si1.4 magnetocaloric plates were investigated. The LaFe11.6Si1.4,
LaFe11.6Si1.4Zn0.03, and LaFe11.6Si1.4P0.03 plates were fabricated using the centrifugal casting method
in the present work. Experimental results showed that both Zn and P elements were distributed
in the La5Si3 and LaFeSi phases during sub-rapid solidification. After annealed at 1373 K for 72 h,
the LaFe11.6Si1.4 plate underwent a second-order magnetic transition, while both the LaFe11.6Si1.4Zn0.03

and LaFe11.6Si1.4P0.03 plates underwent a first-order transition. In combination with X-ray diffraction
results, it was proposed that both Zn and P atoms prefer to enter the 96i site substituting for FeII/Si
atoms according to the density-functional reconstruction of crystallographic structure. The Zn
addition led to a slight decrease in magnetic entropy change from 7.0 to 5.9 J/(kg·K), while the P
addition strikingly enhanced this property to 31.4 J/(kg·K) under a magnetic field change of 3 T.
The effective refrigeration capacity of the annealed LaFe11.6Si1.4P0.03 plate reached 189.9 J/kg.

Keywords: La–Fe–Si magnetocaloric materials; magnetic transition; density-functional theory;
magnetic entropy; centrifugal casting

1. Introduction

Solid-state magnetic refrigeration has been considered to be a highly competitive alternative to the
conventional vapor-compression technology based on the magnetocaloric effect [1]. As early as 1976,
Brown discovered that the heavy rare-earth Gd demonstrated a magnetic entropy change as high as
13.17 J/(kg·K) under a magnetic field change of 7 T in the vicinity of 293 K [2]. Since then, heavy rare-earth
Gd has been taken as an important benchmark for the research and development of room-temperature
magnetocaloric materials [3,4]. During the past two decades, a few promising candidates, including
Gd5Si2Ge2 [5–7], MnFeP1−xAsx(Si) [8,9], Heusler Ni2MnX (X = Ga, Sn, In) [10–12], La(Fe,Si)13 [13,14],
LaMnO3 magnetite [15,16], and R2Fe17 system [17,18], were found, among which La(Fe,Si)13 attracted
significant attention due to the advantages afforded by its non-toxic constituent elements, giant
magnetocaloric effect, small thermal/magnetic hysteresis, and high thermal conductivity [19].

A lot of effort has been spent on the synthesis of La(Fe,Si)13. The main advantage of powder
metallurgy [20–22] lies in its flexible gradient compositional control, which is beneficial for broadening
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the refrigeration temperature window; however, high-temperature annealing is still needed for the
diffusion-controlled formation of the La(Fe,Si)13 (τ1) phase [23]. Although melt spinning could
directly produce a high proportion of τ1 phase during rapid solidification, and the resultant refined
grains greatly shorten the post-annealing procedure, it was hard to achieve practical application due
to its flake-like shape [24,25]. Researchers have tried to integrate brittle La(Fe,Si)13 particles into
a continuous matrix (epoxy resin [26,27] or molten Sn [28,29], SnBi [30]) or cladded them with a thin
seamless austenitic steel jacket through the powder-in-tube (PIT) technology [31]. Unfortunately, more
unexpected problems arose, such as slimsy interface bonding, low thermal conductivity, and dramatic
decay of magnetocaloric capacity. The only exception is that Wang et al. [32] observed excellent
magnetocaloric effect with durable service life in the La(Fe,Si)13Hy/In composite where they hot pressed
La(Fe,Si)13Hy particles with solid-state indium powder at 413 K (lower than the melting point 430 K of
indium element). Additionally, the centrifugal casting method [33] was also employed to produce
a sub-rapidly solidified La(Fe,Si)13 thin plate.

On the other hand, fourth elemental alloying has been extensively attempted to adjust the magnetic
transition, including C [34], H [35], Co [36], Ni [37], Cu [38], Nd [39], Ce [40], etc. For instance, Anh
et al. [41] reported that the characteristic temperature of magnetic transition in the LaFe11.44Si1.56

alloy linearly increased with Nd partially replacing La, and was accompanied by volume shrinkage
of the unit-cell. However, the occupation mechanism for the fourth elements in La(Fe,Si)13 remains
unclear, and even controversial. Rosca et al. [42] proposed H atoms preferred the 48f interstitial
site (a FeII/Si-based asymmetric pyramid with one La vertex [43]) in LaFe11.31Si1.69H1.45 based on
neutron diffraction results, while Bao et al. [44] suggested the 24d interstitial site (an octahedral
site with four FeII/Si and two La nearest neighbors [45]) based on the fact that all Fe–Fe bonds
become longer, and the shortest inter-cluster bond (B4) changes the most [46]. One more example
is that Phejar et al. [47] concluded that C atoms entered the 48f interstitial site, which differs from
the viewpoint of Hai et al. [43] who argue in favor of the 24d interstitial site. Our recent work [48]
supported the 24d interstitial site for C alloying in LaFe11.6Si1.4 according to the crystallographic
structure reconstruction based on density-functional theory (DFT) [49–51], and it was proven that
density-functional reconstruction is an effective tool to explain the magnetic transition behavior by
quantitatively measuring the length change of Fe–Fe bonds. Save for these limited studies on light
elements, it was simply taken for granted that rare-earth elements (Nd [52], Ce [53,54], and Pr [55])
substitute for La and transition-metals (Co [56,57], Mn [58–60], Ni [61], and Cu [38]) for Fe when
alloying La(Fe,Si)13, although no supporting evidence was provided. Against this background, trace
Zn (metallic element) and P (non-metallic element) alloying was studied in a sub-rapidly solidified
La(Fe,Si)13 plate in the present work, with an emphasis on the magnetic transition behavior and
occupation mechanism.

2. Experimental

Three button ingots with a weight of about 120 g and nominal compositions of LaFe11.6Si1.4,
LaFe11.6Si1.4Zn0.03, and LaFe11.6Si1.4P0.03 (at.%) were prepared using levitation melting from commercial
pure La (99.9 wt.%), Fe (99.99 wt.%), Si (99.999 wt.%), and Zn (99.8 wt.%). All ingots were remelted
four times to ensure homogeneity. The obtained ingots were then spun into plates with a dimension
of ~60 × 40 × 2.5 mm3 using a centrifugal casting setup in argon under a cooling rate of ~5000 K/s.
Experimental details have been described elsewhere [62]. Half of the plates were sealed in quartz tubes
and annealed at 1373 K for 72 h, followed by water quenching.

Microstructure and elemental analyses were performed using an electron probe microanalyzer
(EPMA-8050G, Shimadzu, Tokyo, Japan) equipped with a wavelength-dispersive spectrometer
(WDS). Differential scanning calorimetric measurements (DSC, Netzsch 404 F3, NETZSCH-Gerätebau
GmbH, Selb, Germany) were carried out to clarify high-temperature phase transition behavior
at a heating/cooling rate of 20 K/min. X-ray diffraction (XRD, Dlmax-2500, Rigaku, Osaka,
Japan) with Cu Kα radiation was conducted to detect the phase and crystal structure. Magnetic
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properties were measured using a physical property measurement system (PPMS-9, Quantum Design,
San Diego, CA, USA).

3. Results and Discussion

3.1. Phase and Microstructure

A typical honeycomb-like refined microstructure of the sub-rapidly solidified LaFe11.6Si1.4 plate
is shown in Figure 1a, which is different from the coarse dendrites usually obtained in conventional
arc-melted alloy [63]. WDS analyses reveal that the black, grey, and white areas represent α(Fe), LaFeSi,
and La5Si3 phases, respectively, as marked by red arrows in Figure 1b. Similar SEM images of the
LaFe11.6Si1.4Zn0.03 and LaFe11.6Si1.4P0.03 plates were not shown for clarity. Both Zn/P elements were
distributed in the LaFeSi and La5Si3 phases, and no Zn/P element was detected in the α(Fe) phase.
The elemental mappings of La, Fe, Si, and Zn in the sub-rapidly solidified LaFe11.6Si1.4Zn0.03 plate are
shown in Figure 1c (similar elemental mappings of LaFe11.6Si1.4P0.03 are not shown here).
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Figure 1. Backscatter SEM image of the sub-rapidly solidified LaFe11.6Si1.4 plate (a) and an enlarged
image showing theα(Fe), LaFeSi, and La5Si3 phases (b). (c) Backscatter SEM image of LaFe11.6Si1.4Zn0.03

plate and the corresponding La, Fe, Si, and Zn elemental distribution within the area marked by
a square in Figure 1c.

DSC measurements for the sub-rapidly solidified plates were used to analyze their high-
temperature phase transition behavior. Here, using LaFe11.6Si1.4 as an example, a magnetic transition
of the α(Fe) phase happens around 1018 K upon heating, and reverse transition occurs at 991 K upon
cooling (marked by circles in Figure 2). According to previous investigation [64], solid LaFeSi, τ1,
and α(Fe) phases melt at 1394, 1558, and 1682 K, respectively, upon heating. The primary α(Fe) phase
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first forms at 1682 K upon cooling, and then τ1 phase through a α(Fe) + LLa→ τ1 peritectic reaction [65].
With Zn/P alloying, there is almost no difference for the high-temperature transition behaviors (not
shown here). The formation τ1 phase in all three sub-rapidly solidified plates annealed at 1373 K is
fully completed through peritectoid interdiffusion between the α(Fe) and LaFeSi phases [62]. A few
weak exothermic peaks close to 1464 K correspond to the formation of La5Si3 phase from residual
liquid τ1 phase, which can be easily confirmed by the shrinkage cavities. All annealed plates consist of
τ1 matrix phase and a small amount of black α(Fe) phase, with a few white areas indicating LaFeSi
phase visible in the LaFe11.6Si1.4P0.03 plate (Figure 3a,c). One can observe that both Zn and P elements
homogeneously dissolved into the τ1 matrix according to the WDS analyses (Figure 3b,d).
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Images (b) and (d) are the corresponding elemental distributions within the areas marked by 
squares in (a) and (c), respectively. 
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Figure 2. High-temperature differential scanning calorimetry (DSC) chart of the sub-rapidly solidified
LaFe11.6Si1.4 plate with a heating/cooling rate of 20 K/min.
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Figure 3. Backscatter SEM images of the annealed LaFe11.6Si1.4Zn0.03 (a) and LaFe11.6Si1.4P0.03 plates (c).
Images (b) and (d) are the corresponding elemental distributions within the areas marked by squares
in (a) and (c), respectively.
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X-ray diffraction peaks shown in Figure 4a are well indexed to be τ1 and α(Fe) phases [66].
The main diffraction peak at 44.7◦ from τ1 phase for both Zn/P-alloyed plates shifts towards higher
angle regime in contrast to that of LaFe11.6Si1.4, as shown in Figure 4b (enlarged image), which implies
that the unit-cell shrank with Zn/P alloying. Using the least square method, the lattice parameters of the
τ1 phase for the annealed LaFe11.6Si1.4, LaFe11.6Si1.4Zn0.03, and LaFe11.6Si1.4P0.03 plates are calculated
to be 1.1473 ± 0.006, 1.1468 ± 0.0059, and 1.1471 ± 0.0052 nm, respectively.
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Figure 4. X-ray diffraction (XRD) patterns of the annealed LaFe11.6Si1.4, LaFe11.6Si1.4Zn0.03, and
LaFe11.6Si1.4P0.03 plates at room temperature (a), and (b) enlarged τ1(440) peak showing the shift
towards higher angle regime with Zn/P alloying.

3.2. Magnetic Transition and Magnetocaloric Effect

Magnetization curves as a function of temperature (M-T) were measured under a low magnetic field
of 0.05 T (Figure 5a–c). The Curie temperature of LaFe11.6Si1.4, LaFe11.6Si1.4Zn0.03, and LaFe11.6Si1.4P0.03

were determined to be 205, 192, and 194 K, respectively, from the dM/dT curves upon heating
(Figure 5d–f). All the annealed plates show a drop of magnetization intensity upon heating,
which corresponds to a ferromagnetic-paramagnetic transition, and reverse transition upon cooling [67].
The characteristic transition temperature decreased by 13 and 11 K, respectively, with Zn and P alloying
compared to that of LaFe11.6Si1.4. This agrees to the principle that the Curie temperature always
increases with expansion of the unit-cell and decreases with shrinkage in La(Fe,Si)13 [68], although
some unknown factors cannot be excluded. We will discuss the occupation mechanism in Section 3.3.
It should be noted that the M(T) curve of LaFe11.6Si1.4P0.03 is different for both LaFe11.6Si1.4 and
LaFe11.6Si1.4Zn0.03. A clear slope change for LaFe11.6Si1.4 and LaFe11.6Si1.4Zn0.03 can be observed,
in contrast to the sharp decrease in LaFe11.6Si1.4P0.03, and the nonzero remnant magnetization above
the Curie temperature is associated with the residual α(Fe) phase [69].
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LaFe11.6Si1.4Zn0.03 (b), and LaFe11.6Si1.4P0.03 (c), respectively. Plots (d–f) are the corresponding dM/dT curves
upon heating.

Several selected isothermal magnetization curves (M-H) around the magnetic transition (near
the Curie temperature) under a magnetic field change of 3 T were measured at an interval of
3 K (Figure 6a–c). One can observe that the magnetization curves for the LaFe11.6Si1.4 plate have
characteristics of a second-order transition, while both the LaFe11.6Si1.4Zn0.03 and LaFe11.6Si1.4P0.03

plates show S-shaped magnetization curves, which are a typical feature for the first-order itinerant
electro-metamagnetism [70]. The magnetic hysteresis effects (shadowed areas marked in Figure 6b,c)
also confirm the first-order nature of the magnetic transition, and the LaFe11.6Si1.4 plate underwent
a second-order transition without any hysteresis (Figure 6a). Additionally, it was also well accepted
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that the type of phase transition can be judged using the Arrott plots (Figure 6d–f) [71,72] according
to the Inoue-Shimizu model [73]. The free energy of a magnetic system is expressed by the Landau
expansion in powers of magnetization in this model. The type of phase transition is closely related to
the sign of the Landau coefficient at the Curie temperature, which can be obtained from the Arrott
plots. If there are “S-bend” Arrott curves near the Curie temperature, the Landau coefficient is negative
and the transition is first order; otherwise, it is positive, and the transition is second order. As seen in
Figure 6d–f, a second-order transition happened in the LaFe11.6Si1.4 plate with regard to an almost
linear behavior in the Arrott plots, while the magnetic transition in both the LaFe11.6Si1.4Zn0.03 and
LaFe11.6Si1.4P0.03 plates changed from the second order to the first order according to the characteristic
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Figure 6. Isothermal magnetization curves for the annealed LaFe11.6Si1.4 (a), LaFe11.6Si1.4Zn0.03 (b),
and LaFe11.6Si1.4P0.03 (c), respectively. Shadowed areas indicate the magnetic hysteresis. Images (d–f)
are the corresponding Arrott plots.
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The magnetic entropy change (∆SM) can be estimated using the classical Maxwell Equation

∆SM(T, H) = µ0
∫ H

0

(
∂M
∂T

)
H

dH [50], as shown in Figure 7a–c. The second-order transition occurred with
Zn alloying in LaFe11.6Si1.4, and as a result, the maximum |∆SM| value decreased from 7.0 to 5.9 J/(kg·K)
under a magnetic field change of 3 T. P alloying led to a complete first-order magnetic transition, and thus,
the maximum |∆SM| value reached to 31.4 J/(kg·K), which is higher than those of the LaFe11.6Si1.4 plate
(22.2 J/(kg·K) annealed at 1373 K for 3 h [62]) and the suction-cast rod (27.8 J/(kg·K) annealed at 1373 K
for 100 h [48]). Additionally, refrigeration capacity (RC) was taken as another important indicator to
assess magnetocaloric effect. RC represents the amount of heat that can be transferred between the
cold sink and the hot sink within one thermodynamic cycle, which systematically takes into account

both peak values and temperature intervals of ∆SM, and is defined as RC =
∫ Thot

Tcold

∣∣∣∆SM(T)
∣∣∣dT [16,18],

where Thot and Tcold are the corresponding temperatures at full width half the maximum peak value of
∆SM (as shown by stripped area in Figure 7a). After subtracting average hysteresis losses, the effective
RCeff values for the annealed LaFe11.6Si1.4, LaFe11.6Si1.4Zn0.03, and LaFe11.6Si1.4P0.03 are 89.3, 72.7,
and 189.9 J/kg, respectively.
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Figure 7. Calculated magnetic entropy changes (∆SM) under a magnetic field change of 3 T for the
annealed LaFe11.6Si1.4 (a), LaFe11.6Si1.4Zn0.03 (b), and LaFe11.6Si1.4P0.03 (c), respectively. Striped area in
(a) was taken as an example to indicate the refrigeration capacity.

3.3. Occupation Mechanism

DFT was introduced to reconstruct the crystallographic structure of the unit-cell so as to explore
the occupation mechanism of Zn/P alloying in LaFe11.6Si1.4. An ideal crystallographic unit-cell of
NaZn13-type LaFe11.6Si1.4 consists of 112 atoms, where the positions of 8a, 8b, and 96i are occupied
by La, FeI, and FeII/Si atoms, respectively (Figure 8a). In the present work, commercial CASTEP
code [74] was used based on the plane wave ultrasoft pseudopotential. The generalized gradient
approximation (GGA) with the Perdew-Wang 1991 (PW91) functional [75] within the framework of
density functional theory was adopted. The plane-wave cutoff energy was set to be 330 eV, and the
number of k-points is 2 × 2 × 2. The electron configurations for La, Fe, Si, P, and Zn atoms were 5d16s2,
3d64s2, 3s23p2, 3s23p3, and 3d104s2, respectively. Geometric optimization of the convergence tolerances
of geometry optimizations were listed as follows: (1) the total energy change within 5 × 10−6 eV per
atom; (2) the maximum force smaller than 0.1 eV/nm; (3) the maximum stress of 0.02 GPa; and (4) the
maximum displacement of 5 × 10−5 nm. BFGS minimizer24 was used to optimize the unit-cell, and we
reconstructed the crystal structure using Materials Studio with lattice parameters a = b = c = 1.1488 nm.



Metals 2019, 9, 432 9 of 13

A coefficient k = 1.133 was introduced so as to coordinate the X-ray diffraction experimental
results and DFT reconstruction data. The calculated unit-cell volume and energy data with various
Zn/P occupation sites are plotted in Figure 8b,c. Firstly, the atomic radii [76,77] of La, Fe, Si, Zn, and P
are 0.187, 0.126, 0.111, 0.131, and 0.106 nm, respectively. It seems unreasonable that the substitution of
Zn for 8b (FeI) or 96i (FeII/Si) would lead to the volume shrinkage in LaFe11.6Si1.4 since Zn atoms are
larger than Fe and Si atoms. Similarly, replacing 8b (FeI) with P would result in a slight expansion of
the unit-cell, although the P atom is smaller than the Fe atom, which indicates that besides the atomic
radius, chemical bonds and electronegativity or other factors should be taken into consideration for
the DFT calculation. According to X-ray diffraction experimental results (volume shrinkage), all of
the other five occupation sites seem possible for Zn/P alloying except the P substitution for 8b (FeI)
(Figure 8b). Based on the lowest energy principle, it was proposed that both Zn and P atoms prefer to
enter the 96i (FeII/Si) substitution site (Figure 8c). We cannot fully exclude the possibility of partial Zn
and P atoms occupying the 8a (La) or 8b (FeI) sites.
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Figure 8. (010) projection of an ideal crystallographic structure of the LaFe11.6Si1.4 unit-cell (a), where the
positions of 8a, 8b, and 96i are occupied by La, FeI, and FeII/Si atoms, respectively. Unit-cell volume (b)
and energy change (c) for the original state of LaFe11.6Si1.4 and reconstruction with various Zn/P
substitution sites.

4. Conclusions

The phase constitution, microstructure, magnetocaloric effect, and occupation mechanism of Zn/P
alloyed LaFe11.6Si1.4 plates were investigated, and the following conclusions were obtained.

(1) Zn/P elements were mainly distributed in the LaFeSi and La5Si3 phases during centrifugal
solidification. After annealing at 1373 K for 72 h, Zn/P elements were homogeneously dispersed
in the τ1 matrix and led to slight volume shrinkage of the unit-cell. Both Zn/P atoms prefer
to enter the 96i (FeII/Si) substitution site according to the density-functional reconstruction of
crystallographic structure.

(2) A second-order magnetic transition occurred in the annealed LaFe11.6Si1.4 plate, and a first-order
transition in both the LaFe11.6Si1.4Zn0.03 and LaFe11.6Si1.4P0.03 plates. The addition of Zn/P
decreased the characteristic transition temperature 11–13 K owing to lattice shrinkage.

(3) P alloying resulted in a striking increase for the maximum magnetic entropy changes from
7.0 to 31.4 J/(kg·K) under a magnetic field change of 3 T, while Zn alloying caused a slight
decrease to 5.9 J/(kg·K). The effective refrigeration capacity of the annealed LaFe11.6Si1.4P0.03 plate
reached 189.9 J/kg.
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