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Abstract: Magnetocaloric alloys are an important class of materials that enable non-vapor compres-
sion cycles. One promising candidate for magnetocaloric systems is LaFeMnSi, thanks to a combina-
tion of factors including low-cost constituents and a useful curie temperature, although control of
the constituents’ phase distribution can be challenging. In this paper, the effects of composition and
high energy ball milling on the particle morphology and phase stability of LaFe11.71-xMnxSi1.29H1.6

magnetocaloric powders were investigated. The powders were characterized with optical microscopy,
dynamic light scattering, X-ray diffraction (XRD), and differential scanning calorimetry (DSC). It was
found that the powders retained most of their original magnetocaloric phase during milling, although
milling reduced the degree of crystallinity in the powder. Furthermore, some oxide phases (<1 weight
percent) were present in the as-received and milled powders, which indicates that no significant
contamination of the powders occurred during milling. Finally, the results indicated that the Curie
temperature drops as Fe content decreases (Mn content increases). In all of the powders, milling led
to an increase in the Curie temperature of ~3–6 ◦C.
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1. Introduction

Room temperature magnetocaloric refrigeration has been proposed as an alternative
to conventional vapor compression refrigeration as it is more efficient and environmentally
friendly [1–7]. This type of refrigeration is based on a magnetic solid that acts as a refrig-
erant via the magnetocaloric effect (MCE) [8]. The MCE consists of the thermal response
of a material when exposed to a varying magnetic field, and is an intrinsic property of all
magnetic materials [5,9]. The earliest thermodynamic investigations of the MCE at near or
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above room temperature began in the middle of the 20th century, when work was mainly
focused on the development of heat engines [10]. In 1997, Pecharsky et al. observed the
MCE in Gd5Ge2Si2 compounds [11,12], which prompted future research efforts towards
room temperature magnetic refrigeration applications. Due to the reversible nature of
the MCE, magnetic refrigeration has a great potential for high thermodynamic cycle effi-
ciency [13]. Furthermore, it is expected that MCE refrigeration will help reduce the use of
hazardous Freon-based gases that are used in conventional refrigeration systems [14].

Current research efforts include the investigation of magnetocaloric materials (MCMs)
that exhibit comparable thermodynamic properties [15–17]. However, despite their po-
tential for use in refrigeration systems, As- and Gd-containing MCMs are not viable for
industrial or commercial applications because they are either prohibitively expensive or
highly toxic [18]. La-based powders have also been proposed as viable candidates for
magnetic refrigeration applications [18,19]. In particular, La(FexSi1-x)13 compounds can
form intermetallic phases that exhibit good magnetocaloric properties [19,20]. However,
these compounds have been reported to exhibit Curie temperatures (Tc) ranging from −93
to −43 ◦C [21], which are significantly below the conditions necessary for magnetic cooling
at room temperature [13]. One method that has been used to raise Tc in these types of
MCMs is to increase the lattice parameter by inserting hydrogen into interstitial sites. In
2006, Fukamichi et al. [14] raised the Tc in a La(Fe0.88Si0.12)13Hy material from −78 ◦C for y
= 0 [only La(Fe0.88Si0.12)13 material] to 57 ◦C for y = 1.6.

Despite the apparent room temperature capability of the La(FexSi1-x)13Hy compound,
it is difficult to control the partial hydrogenation in this MCM for large-scale industrial
processes to a sufficient degree of accuracy [22]. One way to overcome this issue is to
substitute some Fe with Mn in the above compound, which allows for the necessary fine
tuning of Tc [23]. In 2015, Basso et al. [24] reported that an increase in the Mn content
from y = 0.06 to y = 0.46 in LaFexMnySizH1.65 (x + y + z = 13) MCM led to a decrease
in the transition temperature from 66 ◦C to −3 ◦C. They also found that the refrigerant
capacity [25] reached a maximum value of 70.8 J/kg when y = 0.25.

Ball milling is a traditional powder-processing technique that is primarily used for re-
ducing particle sizes or mixing different materials, and is typically employed in the mineral,
pharmaceutical, and ceramic industries [26]. This type of method involves mechanically
grinding powders using metallic media, and has been investigated for use with some rare
earth-based compounds, such as La(FeSi)13 materials [27–30]. Ball milling can enhance the
MCE in some powders, and thereby increase their refrigerant cooling power [31]. However,
the presence of contamination from the milling media must be taken into account [32].
Furthermore, the mechanical grinding that occurs during milling can also induce phase
transformations, chemical reactions, and reductions in particle and grain size [33,34].

To date, there has been little work to systematically study the effects of composition
on the properties of high energy ball milled LaFe13-x-yMnxSiyHz MCM powders. The
purpose of this work, therefore, is to examine how changing the Mn and Fe content in
LaFe11.71-xMnxSi1.29H1.6 (x = 0.38, 0.39, 0.40, 0.42, 0.43, and 0.44) magnetocaloric powders
affects the phase structure and particle morphology of these MCM powders during ball
milling. In doing so, this work is expected to provide insight into the effects of powder
composition on the material properties during milling.

2. Results and Discussion

Figure 1a–f displays the optical microscopic images of six LaFe11.71-xMnxSi1.29H1.6
(x = 0.38, 0.39, 0.40, 0.42, 0.43, and 0.44, see Table 1) magnetocaloric powders (labelled P-1
M–P-6 M) that were milled for 30 min. Before imaging, the powders were mounted in epoxy.
The milled particles exhibited a similar morphology for all the conditions. Furthermore,
the particles were estimated to have diameters well below 50 µm. Figure 2a–f displays the
particle size distribution for the milled powders that are listed in Table 1. The particles
exhibited a lognormal distribution in which the particle diameters for all powders ranged
from ~1 to 15 µm with mean particle sizes that varied between 4.21 to 4.88 µm, indicating
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that milling for 30 min significantly reduced the particle size (from 800–1250 µm). Table 2
displays the circularity and aspect ratios for the magnetocaloric P-1 M–P-6 M powders that
were milled for 30 min. The circularity values were found to range from 0.8137 to 0.8228,
while the aspect ratio exhibited values of 0.9401–0.9403. Importantly, these values were
within a standard deviation of one another. The similarity between the particle diameter
distributions, aspect ratio, and circularity values indicates that the milling process was
reproducible. The results also indicate that powder composition had no significant effect
on the shape and size of the particles during milling.
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Figure 1. Optical imaging of ball milled (30 min) magnetocaloric powders (a) P-1 M, (b) P-2 M, (c) P-3 M, (d) P-4 M,
(e) P-5 M, and (f) P-6 M.

Table 1. Composition and Curie temperature for the investigated magnetocaloric powders P-1
AR–P-6 AR.

Powder Composition Curie Temperature (◦C)

P-1 AR LaFe11.33Mn0.38Si1.29H1.6 12.1
P-2 AR LaFe11.32Mn0.39Si1.29H1.6 10.9
P-3 AR LaFe11.31Mn0.40Si1.29H1.6 9.9
P-4 AR LaFe11.29Mn0.42Si1.29H1.6 7.4
P-5 AR LaFe11.28Mn0.43Si1.29H1.6 6.2
P-6 AR LaFe11.27Mn0.44Si1.29H1.6 3.7

Table 2. The mean and standard deviation values for the aspect ratio and the circularity for milled
(30 min) magnetocaloric powders P-1 M–P-6 M.

Powder Circularity Aspect Ratio

P-1 M 0.82 ± 0.08 0.94 ± 0.10
P-2 M 0.82 ± 0.08 0.94 ± 0.08
P-3 M 0.81 ± 0.08 0.94 ± 0.10
P-4 M 0.82 ± 0.08 0.94 ± 0.10
P-5 M 0.82 ± 0.08 0.94 ± 0.10
P-6 M 0.82 ± 0.08 0.94 ± 0.10
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Figure 3a,b displays the X-ray diffraction (XRD) patterns for the ground (P-1 AR–P-6
AR) and milled (30 min) (P-1 M–P-6 M) powders for scattering angles ranging from 10 to
100◦ 2θ. There are many distinctive peaks throughout the range of scattering angles. This
increase in the lattice parameters (and lattice volume) may be due to a greater incorporation
of hydrogen atoms into the lattice structure during milling, or to the energy imparted
into the lattice during milling [30,35]. Furthermore, the peaks for the milled powder
were broader and had a relatively lower intensity as compared to the ground powder,
indicating that there was a decrease in the crystallite size (or increasing lattice strain) due
to milling [36].



Magnetochemistry 2021, 7, 132 5 of 15

Magnetochemistry 2021, 7, x FOR PEER REVIEW 5 of 15 
 

 

6 M contained a hexagonal La(OH)3 (space group P63/m (176)) phase. The difference in the 
La-based oxygen-containing phases may be a consequence of either the differing amount 
of oxygen content present in the as-received powders, or contamination during the mill-
ing process. All of the milled powders contained less than one weight percent (wt.%) ox-
ide phases, indicating that no significant contamination of the powders occurred during 
milling. As for the as-received powders, the LaFeSiH and MnSi phases ranged from 95.5 
wt.% (P-6 AR) to 96.9 wt.% (P-1 AR) and 2.40 wt.% to 3.66 wt.%, respectively. After mill-
ing, the same phases ranged from 93.8 wt.% (P-4 M) to 95.6 wt.% (P-1 M) and 4.01 wt.% 
(P-5 M) to 5.51 wt.% (P-4 M), respectively. The above results indicate that milling for 30 
min did not significantly decrease the amount of the primary magnetocaloric LaFeSiH 
phase in the powder. Lastly, the lattice volume of the LaFeSiH phase increased with re-
spect to the Fe content in the powder and after milling. 

 
Figure 3. XRD patterns for (a) the as-received (ground) (P-1 AR–P-6 AR) and (b) the milled (30 min.) (P-1 M–P-6 M) mag-
netocaloric powders for scattering angles of 10–100° 2θ. The Miller indices are shown for the peaks for powders P-1 AR 
and P-1 M. 

To give a clearer comparison between the phase composition of the different pow-
ders, a bar graph for the wt.% of the different phases in the as-received powders P-1 AR–
P-6 AR and milled powders P-1 M–P-6 M are plotted in Figure 4a,b. All of the powders 
contained a similar amount of the LaFeSiH and MnSi phases, which suggests that the mill-
ing procedure was reproducible. Finally, the similarity in the phase content of the pow-
ders (see Tables A1 and A2 and Figure 4a,b) indicates that during milling, the powder 
composition had no significant effect on the phase structure. 

Table 3 displays the crystallite size and microstrain for the LaFeSiH and MnSi crystal 
phases in the as-received (ground) P-1 AR–P-6 AR and milled P-1 M–P-6 M powders. 
Milling led to a significant decrease in the crystallite size and increase in the microstrain 
of both phases. The increase in the microstrain was attributed to the increase in the stored 
energy in the lattice [37]. The most significant change in the crystallite size of the LaFeSiH 
phase was observed in powder P-3 AR, where the size decreased from 2138 Å to 488 Å 
after milling. The largest decrease in the MnSi phase occurred in powder P-6 AR, where 
the size decreased from 475 Å to 225 Å after milling. The most substantial change in the 
lattice strain of the LaFeSiH phase was observed in powder P6-AR, where the microstrain 
increased from 0.01% to 0.15% after milling. In terms of the MnSi phase, the largest in-
crease in the strain occurred in powder P3-AR, where the microstrain increased from 
0.02% to 0.24% after milling. As for each of the as-received and milled powders, there was 
not an obvious trend with regards to the crystallite size and microstrain. For the LaFeSiH 
phase in the as-received powders, the crystallite size and microstrain values ranged from 
1624 to 2186 Å and 0.01 to 0.03%, respectively. As for the MnSi phase, the crystallite size 
varied from 413 to 475 Å while the microstrain ranged from 0.02 to 0.04%. As for the milled 

Figure 3. XRD patterns for (a) the as-received (ground) (P-1 AR–P-6 AR) and (b) the milled (30 min.) (P-1 M–P-6 M)
magnetocaloric powders for scattering angles of 10–100◦ 2θ. The Miller indices are shown for the peaks for powders P-1 AR
and P-1 M.

The results of the Rietveld refinements (see Tables A1 and A2 in Appendix A) indicates
that all of the powders contained the cubic phases LaFe11.31Si1.69H1.51 (space group Fm3c
(226)) and Mn3Si (space group Fm3m (225)). All of the as-received powders P-1 AR–P-6
AR as well as milled powder P-1 M contained a hexagonal La2O3 (space group P3m1
(164)) phase, whereas as-received powders P-2 AR–P-6 AR and milled powders P-2 M–
P-6 M contained a hexagonal La(OH)3 (space group P63/m (176)) phase. The difference
in the La-based oxygen-containing phases may be a consequence of either the differing
amount of oxygen content present in the as-received powders, or contamination during the
milling process. All of the milled powders contained less than one weight percent (wt.%)
oxide phases, indicating that no significant contamination of the powders occurred during
milling. As for the as-received powders, the LaFeSiH and MnSi phases ranged from 95.5
wt.% (P-6 AR) to 96.9 wt.% (P-1 AR) and 2.40 wt.% to 3.66 wt.%, respectively. After milling,
the same phases ranged from 93.8 wt.% (P-4 M) to 95.6 wt.% (P-1 M) and 4.01 wt.% (P-5 M)
to 5.51 wt.% (P-4 M), respectively. The above results indicate that milling for 30 min did
not significantly decrease the amount of the primary magnetocaloric LaFeSiH phase in the
powder. Lastly, the lattice volume of the LaFeSiH phase increased with respect to the Fe
content in the powder and after milling.

To give a clearer comparison between the phase composition of the different powders,
a bar graph for the wt.% of the different phases in the as-received powders P-1 AR–P-6
AR and milled powders P-1 M–P-6 M are plotted in Figure 4a,b. All of the powders
contained a similar amount of the LaFeSiH and MnSi phases, which suggests that the
milling procedure was reproducible. Finally, the similarity in the phase content of the
powders (see Tables A1 and A2 and Figure 4a,b) indicates that during milling, the powder
composition had no significant effect on the phase structure.

Table 3 displays the crystallite size and microstrain for the LaFeSiH and MnSi crystal
phases in the as-received (ground) P-1 AR–P-6 AR and milled P-1 M–P-6 M powders.
Milling led to a significant decrease in the crystallite size and increase in the microstrain of
both phases. The increase in the microstrain was attributed to the increase in the stored
energy in the lattice [37]. The most significant change in the crystallite size of the LaFeSiH
phase was observed in powder P-3 AR, where the size decreased from 2138 Å to 488 Å
after milling. The largest decrease in the MnSi phase occurred in powder P-6 AR, where
the size decreased from 475 Å to 225 Å after milling. The most substantial change in the
lattice strain of the LaFeSiH phase was observed in powder P6-AR, where the microstrain
increased from 0.01% to 0.15% after milling. In terms of the MnSi phase, the largest increase
in the strain occurred in powder P3-AR, where the microstrain increased from 0.02% to
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0.24% after milling. As for each of the as-received and milled powders, there was not an
obvious trend with regards to the crystallite size and microstrain. For the LaFeSiH phase
in the as-received powders, the crystallite size and microstrain values ranged from 1624 to
2186 Å and 0.01 to 0.03%, respectively. As for the MnSi phase, the crystallite size varied
from 413 to 475 Å while the microstrain ranged from 0.02 to 0.04%. As for the milled
powders, the crystallite size and microstrain values for the LaFeSiH phase ranged from 488
to 858 Å and 0.09 to 0.15%, respectively. As for the MnSi phase, the crystallite size varied
from 210 to 252 Å while the microstrain ranged from 0.17 to 0.24%.
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Figure 4. Bar chart comparing the amount of each phase for the (a) as-received (ground) (P-1 AR–P-6 AR) and (b) milled
P-1 M–P-6 M powders, as obtained from the Rietveld refinement analysis.

Table 3. The crystallite size and strain for the LaFe11.31Si1.69H1.51 and Mn3Si phases present in the
as-received (grounded (P-1 AR–P-6 AR) and milled (P-1 M–P-6 M) powders.

LaFe11.31Si1.69H1.51 Mn3Si

Sample Crystallite Size
(Å)

Micro-Strain
(%)

Crystallite Size
(Å)

Micro-Strain
(%)

P-1 AR 1908 0.02 462 0.02
P-2 AR 1624 0.03 413 0.02
P-3 AR 2138 0.03 434 0.02
P-4 AR 2186 0.03 440 0.02
P-5 AR 1828 0.03 427 0.04
P-6 AR 1824 0.01 475 0.04

P-1 M 858 0.15 252 0.23
P-2 M 663 0.10 236 0.18
P-3 M 488 0.09 231 0.24
P-4 M 554 0.09 210 0.19
P-5 M 498 0.09 237 0.19
P-6 M 612 0.15 225 0.17

Figure 5a displays the results of the temperature-dependent magnetization (M(T))
measurements performed in a 1 kOe field for the as-received and milled powders P-1 AR
and P-1 M. The peak Curie temperatures of 15.4 ◦C and 18.3 ◦C for the as-received and
milled powders, respectively, are marked by red arrows. It was found that the milling led
to an increase in the peak width as well as a decrease in the amplitude. This increase in
the width is indicative of a broader spread of Curie temperatures within the sample, likely
arising from a spread of crystallite sizes (consistent with data in Figure 2) or microstrains
in the ferromagnetic phase. The results also showed that milling led to an increase in
the Curie temperature of the powder. The Curie temperatures, as determined by taking
the temperature differential of the magnetization and identifying the minima of the peak
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associated with the transition (the point of maximum slope), are displayed in Figure 5b.
Here, all samples showed a Curie temperature in the range of 4 ◦C–20 ◦C. Furthermore,
except for samples P-5 AR (0.43 atomic percent (at.%) Mn) and P-6 M (0.44 at.% Mn), the
Tc in both the as-received and milled powders generally decreased with increasing Mn
content. This discrepancy in the decreasing trend may be due to some inhomogeneity
in the samples. Additionally, an increase in Tc of about 3–6 ◦C after milling was also
observed for samples P-5 AR (0.43 at.% Mn) and P-6 AR (0.44 at.% Mn). This increase in Tc
may be a consequence of the milling-induced increase in the lattice size and microstrain.
However, a more detailed microstructural investigation is needed to better understand
this phenomenon.
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of 15.4 ◦C and 18.3 ◦C for the as-received and milled powders, respectively, are marked by red arrows. The Tc for all alloys
(0.38, 0.39, 0.40, 0.42, 0.43, and 0.44 at.% Mn) is presented in (b), indicating a general downward trend of Tc with increasing
Mn content but a persistent increase in Tc due to milling.

Figure 6a,b presents the differential scanning calorimetry (DSC) curves for the as-
received and milled powders for temperatures ranging from −40 to 100 ◦C. Clear Curie
transition peaks were observed for all the samples in the range of−4 to 13 ◦C. Furthermore,
the peaks for the as-received powders (P-1 AR–P-6 AR) are significantly more pronounced
as compared to the milled powders P-1 M–P-6 M. Similar to the results for the XRD and
magnetic measurement characterization, the peak widths are more broad in the milled
powders, which indicates that milling reduced the crystallinity of the powders, which was
accompanied by both a decrease in the crystallite size and an increase in the microstrain of
the LaFe11.31Si1.69H1.51 and Mn3Si phases (see Table 3). For both sets of patterns, the peaks
exhibit a shift towards lower temperatures with an increase in the Mn content, as indicated
by the arrow in the graph. For the same Mn content, the Curie temperature increased after
milling (see Figure 7), which is consistent with the results obtained from the Temperature
dependent magnetization measurements. Lastly, the Curie temperature obtained from
the DSC is lower than the temperature dependent magnetization measurement, which
is possibly due to the different testing mechanism and the applied magnetic field that
increases the ordering temperature.
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3. Materials and Methods

Six LaFe11.71-xMnxSi1.29H1.6 (x = 0.38, 0.39, 0.40, 0.42, 0.43, and 0.44) magnetocaloric
powders were obtained from Vacuumschmelze GmbH & Co. KG [22,38]. The particle
composition and Curie temperature of the as-received powders are displayed in Table 1.
These powders had Curie temperatures that ranged from 3.7 to 12.1 ◦C. Furthermore, the
Curie temperature increased with respect to an increase in the Fe content and, conversely,
with a decrease in the Mn content.

Milling of the powders was performed using a SPEX SamplePrep 8000M Mixer Mill.
Here, 3 mm stainless steel balls were used as the grinding medium in which a 5/1 steel
ball-to-powder mass ratio was used. The steel balls and powder were then placed into a
stainless-steel container. Subsequently, 2-propanol was poured into the container to act as
a milling solvent. The container was closed and then put into a sealed vacuum chamber
where it was exposed to a rough vacuum (~1 kPa) that was applied for 1 min and then
subsequently backfilled with Ar. This process of applying vacuum and backfilling with Ar



Magnetochemistry 2021, 7, 132 9 of 15

was repeated twice so as to reduce the chances of powder oxidation [39]. Next, the steel
container was milled for a total of 30 min in increments of 2 min. To mitigate any thermally
induced chemical reactions during the grinding process, the container was placed into an
ice water bath (1 min) between each milling step.

Optical images were taken using a Leica DM5000M using a 500X lens. Powder was
mounted in epoxy and then ground and polished using a Struers TegraForce-5/TegraPol-31
polishing system. Samples then underwent vibration polishing using a VibroMet™ 2
vibratory polisher with a colloidal silica (0.05 micron) suspension which consisted of a
mixture of 50% Colloidal Silica (Syton HT-50) and 50% Distilled Water, for approximately
5–6 h, to produce a high quality surface.

The XRD characterization was performed at the Joint Institute for Advanced Materials
(JIAM) Diffraction Facility located at the University of Tennessee. Here, as-received pow-
ders P-1 AR–P-6 AR were ground in a mortar and pestle and then used as a control sample.
The XRD was performed using a PANalytical Empyrean diffractometer equipped with an
Fe filter, 0.04 radian soller slit, 1/4◦ divergence slit, 10 mm mask, and 1/2◦ anti-scatter
slit on the incident side and 1/4◦ anti-scatter slit, 0.04 radian soller slits, and PIXcel3D
Medipix3 detector on the diffracted side. The X-ray consisted of a Co beam with a Kα

wavelength of 1.79 Å, in addition to an accelerating voltage and current of 45 kV and
40 mA, respectively. The scan was performed for 2θ angles ranging from 10 to 100◦.

Subsequent powder diffraction, in conjunction with qualitative and quantitative phase
analysis, was performed to analyze the crystal phases in the alloy. Phase identification
(ID) and quantitative phase analysis were performed in Highscore Plus using the Powder
Diffraction File-4+ (PDF-4+) database. The lattice parameter and volume was determined
by Rietveld refinement. Having first accounted for instrumental broadening using a
NIST 640e silicon standard, the microstrain and crystallite size were determined using the
pseudo-Voigt profile function. For the microstrain, the following equations were used [40]:

et =

√
(Ui −Ustd)− (Wi −Wstd)(

180
π

)
4
√

2Ln2
× 100 (1)

where et is the microstrain, U is a parameter that pertains to the strain broadening, W is a
parameter that corrects for a possible size broadening, and the subscripts i and std represent
the given reflection and the standard, respectively. The variance of the microstrain is
defined by

σ2(et) =
A2

e
4[(Ui −Ustd)− (Wi −Wstd)]

×
[
σ2(Ui) + σ2(Ustd) + σ2(Wi) + σ2(Wstd)

]
(2)

where Ae is equal to

Ae =
1

1
100

(
180
π

)
4
√

2Ln2
(3)

In terms of the crystallite size, it is calculated via the following equation [41,42]:

Di =

(
180
π

)
λ√

Wi −Wstd
(4)

where Di is the crystallite size and λ is the wavelength of the X-rays. The variance of the
crystallite size is defined as

σ2(et) =
A2

D

4(Wi −Wstd)
3

[
σ2(Wi) + σ2(Wstd)

]
(5)

where AD represents the constant 180 × λ/π.
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The particle size distributions of the magnetocaloric powders were measured in
ethanol by a commercial Horiba La-950V2 laser scattering analyzer, which uses a laser
diffraction method to measure size distribution. This technique uses first principles to
calculate size using light scattered off the edge of the particle and secondary refraction
through the particle. To span a range of 30 nm to 3 mm, the LA-950 uses two light sources of
different wavelengths: a 5 mW 650 nm red laser diode and a 3 mW 405 nm blue solid-state
light emitting diode (LED). The analysis software computes the particle size distribution
using the full Mie scattering theory [43]. The instrument was fitted with a minicell that
requires only milligram portions of each powder. To maintain a homogeneous ensemble,
the sample was circulated through the optical cell using the highest flow rate possible for
the instrument. An index of refraction of 1.8 and 1.36 was used for the powders and the
ethanol, respectively. The particle size distribution for each sample was measured several
times during circulation through the instrument.

The size and shape factors of the milled powders were analyzed using a Malvern
Morphologi G3 optical microscope system. For the analysis, the particles were dispersed
on a glass plate using a sample dispersion unit. Dispersing the particles in this manner
ensured that the particles were uniformly arranged on the glass such that the effects of
adhesion on the particles were minimized. The accompanying software package was used
to analyze the circularity and aspect ratio parameters.

Magnetic measurements were conducted in a Quantum Design Physical Properties
Measurement System (PPMS), using the VSM option to control temperature from −120 ◦C
to 120 ◦C. Samples were first heated to 120 ◦C in zero field, then cooled to −120 ◦C, and
a measuring field of 1 kOe was applied to define an axis of magnetization. Temperature-
dependent magnetization measurements were conducted in continuous measurement
mode using a temperature ramp rate of 5 ◦C/min. Here, both zero-field cooled and
field-cooled measurements were conducted over the temperature from −120 ◦C to 120 ◦C,
with ZFC warming in a 1 kOe field, and FC cooling in the same 1 kOe field. The Tc was
determined by calculating dM/dT and taking the maximum of the peaks corresponding to
the ferromagnetic transition.

The Curie temperature was determined with the DSC, which was performed using
a TA Instruments DSC 2500 model in the range of −40 to 100 ◦C. A heat-cool-heat cycle
was used with a ramp rate of 3 ◦C/min under a nitrogen atmosphere. The enthalpy was
calculated with the first heating cycle using Trios software (TA Instruments).

4. Conclusions

The effects of composition on multiple magnetocaloric powders were examined using
different characterization techniques. The results revealed that after 30 min of high energy
ball milling, the magnetocaloric powders consisted of particle sizes well below 30 µm.
Importantly, XRD showed that the powders did not undergo significant phase decompo-
sition during the milling process and that no substantial contamination of the powder
occurred during milling. Optical microscopy revealed that the particle morphology was
similar for all the powders after milling. The XRD, DSC, and magnetic measurements
showed that milling led to an increase in the peak widths of the patterns, which indicated
that milling reduced the crystallinity of the powders, decreased the crystallite size, and
increased the microstrain of the LaFe11.31Si1.69H1.51 and Mn3Si phases. The findings also
indicate that in most cases, the milling process led to a composition-independent increase
in Tc of ~3–6 ◦C. This increase in Tc may be a consequence of the milling-induced increase
in the lattice size and microstrain. The results suggest that the milling procedure as used
for this investigation would be effective in producing viable magnetocaloric powders for
use in different applications.
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Appendix A

Table A1. Chemical composition of as-received (ground) powders P-1 AR–P-6 AR. All phase constituents are presented as wt.%.

Sample Phase wt.% Crystal System Space Group (No.) Lattice
Parameter (Å) Volume (Å3)

P-1 AR

LaFe11.31Si1.69H1.51 96.90 Cubic Fm3c (226)
a = 11.56

1544.59b = 11.56
c = 11.56

Mn3Si 2.40 Cubic Fm3m (225)
a = 5.73

188.55b = 5.73
c = 5.73

La2O3 0.67 Hexagonal P3m1 (164)
a = 3.94

82.69b = 3.94
c = 6.15

P-2 AR

LaFe11.31Si1.69H1.51 96.00 Cubic Fm3c (226)
a = 11.56

1544.35b = 11.56
c = 11.56

Mn3Si 3.34 Cubic Fm3m (225)
a = 5.74

188.87b = 5.74
c = 5.74

La(OH)3 0.29 Hexagonal P63/m (176)
a = 6.53

142.89b = 6.53
c = 3.87

La2O3 0.38 Hexagonal P3m1 (164)
a = 3.94

82.76b = 3.94
c = 6.16

P-3 AR

LaFe11.31Si1.69H1.51 96.80 Cubic Fm3c (226)
a = 11.56

1544.61b = 11.56
c = 11.56

Mn3Si 2.53 Cubic Fm3m (225)
a = 5.74

188.92b = 5.74
c = 5.74

La(OH)3 0.16 Hexagonal P63/m (176)
a = 6.54

143.28b = 6.54
c = 3.87

La2O3 0.48 Hexagonal P3m1 (164)
a = 3.94

82.86b = 3.94
c = 6.17
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Table A1. Cont.

Sample Phase wt.% Crystal System Space Group
(No.)

Lattice
Parameter (Å) Volume (Å3)

P-4 AR

LaFe11.31Si1.69H1.51 95.60 Cubic Fm3c (226)
a = 11.56

1544.24b = 11.56
c = 11.56

Mn3Si 3.66 Cubic Fm3m (225)
a = 5.74

188.90b = 5.74
c = 5.74

La(OH)3 0.11 Hexagonal P63/m (176)
a =6.53

142.06b = 6.53
c = 3.84

La2O3 0.61 Hexagonal P3m1 (164)
a = 3.94

82.68b = 3.94
c = 6.15

P-5 AR

LaFe11.31Si1.69H1.51 96.40 Cubic Fm3c (226)
a = 11.56

1544.34b = 11.56
c = 11.56

Mn3Si 3.04 Cubic Fm3m (225)
a = 5.74

188.89b = 5.74
c = 5.74

La(OH)3 0.03 Hexagonal P63/m (176)
a = 6.52

142.44b = 6.52
c = 3.87

La2O3 0.55 Hexagonal P3m1 (164)
a = 3.94

82.78b = 3.94
c = 6.16

P-6 AR

LaFe11.31Si1.69H1.51 95.50 Cubic Fm3c (226)
a = 11.56

1543.68b = 11.56
c = 11.56

Mn3Si 3.60 Cubic Fm3m (225)
a = 5.74

188.98b = 5.74
c = 5.74

La(OH)3 0.28 Hexagonal P63/m (176)
a = 6.53

142.96b = 6.53
c = 3.87

La2O3 0.57 Hexagonal P3m1 (164)
a = 3.94

82.70b = 3.94
c = 6.16
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Table A2. Chemical composition of milled (30 min) powders P-1 M–P-6 M. All phase constituents are presented as wt.%.

Sample Phase wt.% Crystal System Space Group
(No.)

Lattice
Parameter (Å) Volume (Å3)

P-1 M

LaFe11.31Si1.69H1.51 95.60 Cubic Fm3c (226)
a = 11.57

1547.96b = 11.57
c = 11.57

Mn3Si 4.10 Cubic Fm3m (225)
a = 5.73

188.57b = 5.73
c = 5.73

La2O3 0.29 Hexagonal P3m1 (164)
a = 3.95

82.89a = 3.95
c = 6.15

P-2 M

LaFe11.31Si1.69H1.51 94.30 Cubic Fm3c (226)
a = 11.57

1547.47b = 11.57
c = 11.57

Mn3Si 4.80 Cubic Fm3m (225)
a = 5.73

188.45b = 5.73
c = 5.73

La(OH)3 0.88 Hexagonal P63/m (176)
a = 6.54

143.47b = 6.54
c = 3.87

P-3 M

LaFe11.31Si1.69H1.51 94.10 Cubic Fm3c (226)
a = 11.57

1547.39b = 11.57
c = 11.57

Mn3Si 5.20 Cubic Fm3m (225)
a = 5.73

188.55b = 5.73
c = 5.73

La(OH)3 0.68 Hexagonal P63/m (176)
a = 6.54

143.52b = 6.54
c = 3.87

P-4 M

LaFe11.31Si1.69H1.51 93.80 Cubic Fm3c (226)
a = 11.57

1547.09b = 11.57
c = 11.57

Mn3Si 5.51 Cubic Fm3m (225)
a = 5.73

188.19b = 5.73
c = 5.73

La(OH)3 0.69 Hexagonal P63/m (176)
a = 6.53

142.92b = 6.53
c = 3.87

P-5 M

LaFe11.31Si1.69H1.51 95.43 Cubic Fm3c (226)
a = 11.56

1546.73b = 11.56
c = 11.56

Mn3Si 4.01 Cubic Fm3m (225)
a = 5.73

188.28b = 5.73
c = 5.73

La(OH)3 0.54 Hexagonal P63/m (176)
a = 6.54

143.54b = 6.54
c = 3.88

P-6 M

LaFe11.31Si1.69H1.51 94.13 Cubic Fm3c (226)
a = 11.56

1546.52b = 11.56
c = 11.56

Mn3Si 5.21 Cubic Fm3m (225)
a = 5.73

188.23b = 5.73
c = 5.73

La(OH)3 0.75 Hexagonal P63/m (176)
a = 6.54

143.25b = 6.54
c = 3.86
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