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ABSTRACT: Magnetic refrigeration (MR) is a cutting-edge . —iom
technology that promises high energy efficiency and eco-friend- o s reduced by 14% —‘—:z:;z:::i::\\'n-vk 2
liness, making it an exciting alternative to traditional refrigeration in 1.5 years it . Wee
systems. However, the main challenge to its widespread adoption is

cost competitiveness. In this context, the use of liquid metals as

heat transfer liquids in the MR has been proposed as a game-
changing solution. Unfortunately, the toxicity and flammability of
these liquid metals have raised serious concerns, limiting their
practical use. In this study, we investigate the compatibility of a
nontoxic and nonflammable GalnSn-based liquid metal with a
magnetocaloric material, La(Fe,Mn,Si),3H,, over a 1.5 year period.
Our findings reveal nearly a 14% reduction in specific cooling exterature [K]

energy and peak-specific isothermal magnetic entropy change for

the considered magnetocaloric material. Our study provides valuable insights into the long-term stability of magnetocaloric materials
and their compatibility with liquid metals, facilitating the development of more cost-effective and sustainable MR systems.

Ga-In-Sn (liquid metal).
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1. INTRODUCTION of a magnetic refrigerator.’ Therefore, the cost per unit of
cooling power is a crucial parameter in determining the
economic competitiveness of MR systems.

In a comparative analysis between a 50 W compressor for a
traditional vapor compression system and a magnetocaloric

Refrigeration accounts for a significant share of global
electricity consumption,"” and traditional vapor compression
refrigeration systems have been the dominant technology for a
long time. However, emerging research in the field of magnetic

refrigeration (MR) is opening new doors for energy-efficient material and magnet assembly for a magnetic refrigerator, it
and environmentally friendly refrigeration solutions. Studies was found that the operating frequency of MR systems should
have shown that MR systems based on the magnetocaloric be at least 2 to S Hz (depending on the costs of components)
effect can be up to 10 to 20% more energy-eflicient than to match the costs of an equivalent compressor.’ Similarly, a
traditional compressor-based systems.” This is a significant study on magnetic heat pumps (the reverse of a refrigerator)
improvement with a positive impact on our environment.” found that an operational frequency of around 10 Hz is
One Of the key factors in the success Of MR is the frequency required for magnetic heat pumps to have comparable
of the thermodynamic cycle, which plays an essential role in manufacturing costs to vapor compression heat pumps.*”’
economic competitiveness against traditional vapor compres- The above discussion on the operating frequency focused on
sion refrigeration systems. While the specific cooling energy the magnetocaloric material and the magnet arrangement;

per cycle of MR is lower than that of traditional systems, this
can be compensated by operating the system at a higher
frequency, typically 1 to 2 orders of magnitude higher.’
Moreover, the materials used in MR are relatively environ-
mentally friendly, making this technology a promising solution
for reducing greenhouse gas emissions and promoting
sustainable developrnent.4 However, the cost of MR systems
has been a significant obstacle to their widespread adoption.
Research has shown that the magnetocaloric material and
magnet assembly account for nearly two-thirds of the total cost

however, the heat transfer liquid used in the system also plays a
crucial role in its performance and cost. While water, alcohol,
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and water—alcohol mixtures with corrosion inhibitors are
commonly used, liquid metals such as mercury, sodium—
potassium (NaK), and GalnSn alloy offer superior thermal
properties and performance.'® Among these, GaInSn alloy (for
example, GaInSn—68.5, 21.5, 10 wt %, known by its trade
name Galinstan) is particularly attractive due to its nontoxicity
and safety at room temperature, as well as its high thermal
conductivity and low specific heat.”” These properties enable a
reduced size of the system components and lower manufactur-
ing costs.

GalnSn is a nontoxic liquid metal at room temperature that
forms an oxide layer when exposed to air.”~'' Its thermal
conductivity is 27 times more than that of water,'” allowing for
faster heat transfer. GalnSn also has a low specific heat of 1/14
of water,” allowing for a higher temperature change in a
magnetic refrigerator. Studies show that the use of GalnSn can
reduce the size of system components and costs, making it a
promising choice for MR.%'* At lower operating frequencies,
however, the manufacturing cost of using a GalnSn liquid
metal is higher than that of a water—ethanol mixture.
Nevertheless, as the frequency increases, the GalnSn liquid
metal becomes a more cost-effective choice. For instance, at 2
Hz, a magnetic refrigerator based on the GalnSn liquid metal
was 2.5 times less expensive than a system based on a water—
ethanol mixture.”'*

In a study, researchers compared the performance of six
different working fluids and two different geometries of the
magnetocaloric material in a magnetic refrigerator.(”ls’lé They
found that GalnSn liquid metal, despite its higher viscosity,
outperformed water—alcohol-based mixtures in terms of
specific cooling energy and maximum coefficient of perform-
ance, particularly at 2 Hz and in parallel plate geometry. This is
due to the significantly higher thermal diffusivity of GalnSn
liquid metal, which is 3 orders of magnitude higher than that of
water—alcohol mixtures.

La(Fe,Si),; represents a promising magnetocaloric material
owing to its low material cost, better adiabatic temperature
change and isothermal entropy change, and the possibility to
tune its Curie temperature depending on the applications."’ >
Preparation of the La(Fe,Si);; alloy family with a single
NaZn,; phase is challenging.””*” Certain manufacturing
processes require the addition of excess La, which is
subsequently removed.”””* Depending on the degree of
removal, it results in an alloy with insufficient or excess La,
leading to, among others, the formation of the a-Fe
phase.””™*® It also affects the magnetic entropy change, either
favorably or unfavorably.””~** Improvements are needed in the
mechanical stability of the La(Fe,Si); alloy family, which is the
focus of several studies.””**™>*

The contact between the heat transfer fluid, such as water,
water—alcohol mixture, or aqueous solutions, and the La-
(Fe,Si);; family, given its high Fe content, would result in
corrosion.””~** Therefore, various studies have been focused
on addressing this problem. For example, the exposure of
La(Fe,Co,Si);3Cq s to distilled water over a week resulted in a
magnetic entropy change to decrease from 8.1to 7.7 J kg™' K™!
under a 0 to 3 T field change.” Studies involved immersing
La(Fe,Mn,Si),3H, particles in two kinds of media: deionized
water and deionized water with corrosion inhibitors. It was
found that the presence of a corrosion inhibitor is crucial to
maintain the chemical stability of the magnetocaloric
materials.*® A magnetic field was also found to influence the
chemical stability of La(Fe, Si),; alloys immersed in deionized

water—the direction of the magnetic field played a critical role
in the corrosion rate.”” For example, the sample immersed in
deionized water for 3 days with exposure to 1 T parallel and 1
T perpendicular magnetic fields experienced a 56 and 22%
reduction in its corrosion rate when compared to the case with
zero magnetic field.*”

Most previous studies that involved liquid metals have been
numerical and assumed no chemical reaction between the
liquid metal and the magnetocaloric material,® but recent
experimental work has shown that this may not be the case.
The mixture of liquid metal and a magnetocaloric material is
critical for the performance of magnetic refrigerators, and any
changes in their properties over time could significantly impact
the efliciency and effectiveness of the technology. Therefore, it
is important to conduct experimental studies to better
understand the long-term impact of GaInSn on magnetocaloric
materials.

de Castro et al’s work on the preparation of a liquid metal-
based magnetocaloric mixture was a critical step in this field,
and their findings were signiﬁcant in understanding the initial
properties of the mixture.' However, more recent research by
ORNL" and Lu et al.* has shown that the long-term effects of
mixing GalnSn liquid metal and magnetocaloric materials are
not yet fully understood. ORNL’s unexpected increase in
system pressure and Lu et al’s observed reduction in peak-
specific isothermal magnetic entropy change demonstrate that
there may be chemical reactions occurring between the
GalnSn liquid metal and magnetocaloric materials that could
impact the performance of magnetic refrigerators over time.

In this new study, we address this gap in understanding by
investigating the effects of mixing Calorivac H (La-
(Fe,Mn,Si) ;H,) with GaInSn alloy over an extended period
of 85 weeks. By analyzing the specific isothermal magnetic
entropy change and specific cooling energy over time, we aim
to provide new insights into the long-term performance of
liquid metal-based MR systems. Our findings could pave the
way for more efficient and reliable MR technologies in the
future.

2. METHODOLOGY

Gallium (99.99% purity), indium (99.995% purity), and tin
(99.9% purity) purchased from Polymet, Germany, were taken
at 68.5/21.5/10 wt %, respectively, and were melted in an
electric heater. It was then cooled by natural convection and
remained in the liquid state at room temperature. The
La(Fe,Mn,Si),3;H, material (Calorivac H) used for the study
was purchased from Vacuumschmelze GmbH, Germany, in
powder form with a particle size of less than 250 ym. These
particles were initially milled manually in a mortar and pestle
for 20 min. This was followed by the mixture preparation, in
which 20 wt % of La(Fe,Mn,Si);;H, and GalnSn liquid metal
was milled in a mortar and pestle for 20 min in air at room
temperature. However, as discussed later, the particles were
not homogeneously distributed. The resulting mixture, like the
liquid metal, forms an oxide layer which is typical of GalnSn.
The mixture from the mortar was transferred using a pipet
dropper to a cylindrical sample holder (Quantum Design VSM
sample holder—P12SE). It had a diameter of 2 mm and a
length of 4 mm. The top was sealed to avoid any leakage. The
magnetization—temperature (M— T) measurements were taken
in the Vibrating Sample Magnetometer option of the Physical
Property Measurement System, Quantum Design Inc. For each
M—T measurement discussed in this report, the sample was
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initially heated from room temperature to 350 K at zero
magnetic field, which is nearly 60 K above the Curie
temperature of the magnetocaloric material considered
(291.5 K), and held there for 10 min. The differential scanning
calorimetry (DSC) measurements were performed in
NETZSCH DSC 214 Polyma.

3. RESULTS AND DISCUSSION

In the remainder of this article, MCM refers to La-
(Fe,Mn,Si) ;H, (Calorivac H), while liquid metal refers to
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Figure 1. (Top) Magnetization—temperature measurements at yoH =
1 T for the La(Fe,Mn,Si),;H, (Calorivac H) particles and the mixture
of GaInSn liquid metal with La(Fe,Mn,Si),3H, (25.4 wt %) on the day
of preparation (Day 0). The liquid metal had negligible magnet-
ization. Therefore, the magnetization values of the mixture are
normalized for the mass of the La(Fe,Mn,Si);;H, in it. (Bottom)
Zero-field DSC measurements of the mixture.

the GaInSn alloy. The mixture of Calorivac H with GalnSn
liquid metal is simply referred to as the mixture. The
magnetization—temperature (M—T) measurement for the
MCM and for the mixture on the day of preparation (Day
0) is shown in Figure 1. It should be noted that although 20 wt
% of MCM was used in the mixture preparation, it was not
homogeneously distributed in the liquid metal. As a result of
this, when a sample was taken for magnetization measurement,
it had 25.4 wt % of the MCM in the liquid metal. This wt % in
the sample was determined by noting that when only the liquid
metal was measured, it had negligible magnetization. It was,
therefore, assumed that all of the measured magnetization of
the mixture on Day 0 was due to MCM alone. By comparison
of the magnetization of the mixture with that of the MCM, the
weight percentage was determined. The magnetization value of
the mixture shown in Figure 1 is normalized for the mass of the
MCM in the mixture and, therefore, shows similar values to
that of the MCM.
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Figure 2. Magnetization—temperature (M—T) measurements at yu,H
= 1 T for La(Fe,Mn,Si);;H, particles and for the mixture of
La(Fe,Mn,Si);3H, (25.4 wt %) with GaInSn liquid metal are shown at
different time periods. Since the GalnSn alloy remains in the liquid
phase at 270 K, the magnetization behaviors observed in Figure 1 are
not present here. The magnetization of the mixture appears to be
higher than that of the MCM, but this is caused by an offset in the
M-—T curve of the mixture when compared to the MCM. There is a
reduction in dM/dT for the mixture, as can be seen in Figure 3.
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Figure 3. Plot of the derivative of magnetization with temperature for
the heating curve is shown in Figure 2.

3.1. Effect of Phase Change of the Liquid Metal in the
Mixture. Even though the liquid metal has a negligible
quantitative contribution to the magnetization of the mixture,
its qualitative effect is noticeable. This can be seen by
observing the two regions marked as A and B in Figure 1,
where the M—T curve of the mixture deviates from that of the
MCM. These are attributed to the phase change behavior of
liquid metal between its liquid and solid states, as seen from
the zero-field DSC results for the mixture at the bottom of
Figure 1. For regions A and B, the minor differences in the
onset temperature between the magnetometry and DSC data
in Figure 1 are due to (i) the M—T measurements were taken
at 1 T, while the DSC measurements were taken at zero-field;
(i) the temperature measured by the magnetometer is that of
the sample chamber, while it is the sample holder for the DSC.
Further, the small dip at 274 K in the DSC data is due to
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Figure 4. Plot of the specific isothermal magnetic entropy change
(As,,) with temperature for the MCM and the mixture at y,AH = 1
T. It can be seen that the primary peak decreases with time, while the
secondary peak increases with time for the mixture when compared to
that of the MCM.
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Figure S. Plot of the primary and secondary peaks in the specific
isothermal magnetic entropy change (As,,) for the La(Fe,Mn,Si);H,
and the mixture of La(Fe,Mn,Si);;H, with GalnSn liquid metal as a
function of the change in the applied magnetic field.

metastatic or peritectic reactions, in which the solidification of
the metal phase occurs at different temperatures.™

The dip in magnetization observed during the cooling cycle
(section A in Figure 1) is caused by the supercooling of the
liquid metal and subsequent exothermic crystallization.”">*
This is reflected as a sudden drop, followed by an almost
steady value, and finally, a combination of steep and gradual
increases in the magnetization.

The sudden drop is caused due to the heat released by the
crystallization of the supercooled liquid metal, which passes
from the liquid state at the supercooled temperature to the
liquid state at the liquid—solid phase change temperature,
which is at a relatively higher temperature. This is followed by
a phase change of the liquid metal to the solid state. During
this transition, the temperature and, thereby, the magnetization
of the mixture are maintained at a nearly steady value. When

-Asy, [J kgt K1
[=>]

g
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320 330

Figure 6. Plot of the specific isothermal magnetic entropy change
(As,,) with temperature for the La(Fe,Mn,Si),3H, on week 1 and 85
for yAH = 1 T. Over the 85 week period, the MCM was subjected to
twice the number of M—T measurements and thus Curie temperature
transitions when compared with that of the mixture.
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Figure 7. Specific cooling energy (eq 2) at ytoAH = 1 T as a function
of temperature span centered around the Curie temperature (i.e., peak
As,, value) for the MCM and the mixture. Geometrically, this value
represents the area under the As,,—T curve shown in Figure 4 for the
appropriate temperature span.

the phase change is complete, the temperature of the liquid
metal and the mixture decreases. During this process, the
temperature of the space surrounding the sample in the
magnetometer is at a much lower temperature. Since the time
rate of heat transfer between the sample and its surroundings is
proportional to their temperature difference, the drop in
temperature and, therefore, the magnetization of the mixture
are initially steep and are followed by a gradual reduction. In
addition, the density changes in the liquid metal during
crystallization can cause mechanical stress on the MCM
particles in the mixture, which can also contribute to the
observed reduction in the magnetization.

During heating, as the liquid metal in the mixture changes
from the solid to the liquid phase, its temperature and,
therefore, that of the mixture remain constant. Due to this, a
constant magnetization is observed in section B in Figure 1.
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Figure 8. Reduction in specific cooling energy for the mixture when
compared with the MCM for the data is shown in Figure 7. It is seen
in general that the reduction is higher at lower temperature spans, and
this decreases at higher temperature spans.
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Figure 9. Mossbauer spectra at 300 K for the MCM (top) and the
mixture (bottom). The red line indicates the a-Fe phase, while the
green line indicates the Fe; phase and the blue line indicates the Fey
phase.
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Figure 10. Mossbauer spectra at 120 K for the MCM (top) and the
mixture (bottom). The blue line indicates the a-Fe phase, while the
red line indicates the Fe; + Fey; phase.

by the magnetometer, and not the temperature of the sample
itself. Generally, these deviate only slightly, but during a phase-
transition releasing or consuming latent heat, the deviations
may be significant.

3.2. Isothermal Magnetic Entropy Change. From the
application point of view of MR, it is desirable to know the
variation of the magnetocaloric effect of the mixture over the
long-term, and here, we report it over a period of 1.5 years (85
weeks). For this purpose, the specific isothermal magnetic
entropy change, As,, given by eq 1,>* which is considered to be
a parameter that quantifies the magnetocaloric effect, is
determined for the mixture up to uoAH = 2 T. This value
was chosen because magnetocaloric refrigerators primarily use
permanent magnets as magnetic field sources, as the use of
electromagnets is not viable in terms of efficiency to compete
with vapor compression refrigeration. As the magnetocaloric
effect is proportional to p,AH, permanent magnets are
designed to generate as high a field as possible. Depending
on the design, these are typically in the range of 1-2 T, with 1
T being preferred due to its relative simplicity of construction
and lower cost.

He
Note that the horizontal axis of Figure 1 shows the As,(T,AH) = f (M] dH
temperature of the space surrounding the sample, as measured Hi or H 1)
Table 1. Mossbauer Fitted Parameters for the Spectra Shown in Figure 9 Measured at 300 K
Isomer shift Electric quadrupole splitting Hyperfine Linewidth Spectral
Sample (mm/s) (mm/s field (T) (mm/s) Phase contribution (%)
La(Fe,Mn,Si),;H, (Calorivac 0.05(2) N/A 32.5(1) 0.63(5) a-Fe 16(3)
H) 0.00(1) 0.48(1) N/A 0.36(1) Fe, 77(1)
—0.09(2) N/A N/A 0.36(2) Fey 7(3)
La(Fe,Mn,Si),;H, + GalnSn 0.03(2) N/A 32.5(1) 0.64(3) a-Fe 14(3)
0.00(1) 0.49(1) N/A 037(1) Fe, 78(1)
—0.06(2) N/A N/A 0.37(2) Fey 8(3)

“The number in parentheses indicates the measurement uncertainty in the last digit.
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Figure 11. Scanning electron microscopy image of the mixture of Calorivac H particles in GaInSn liquid metal after 55 weeks. Energy dispersive
spectroscopy shows the constituent elements—La, Fe, Mn, and Si for the MCM and Ga, In, and Sn for the liquid metal.

Table 2. Mossbauer Fitted Parameters for the Spectra Shown in Figure 9 Measured at 120 K

Isomer shift

Sample (mm/s) (mm/s
La(Fe,Mn,Si),3H, (Calorivac 0.02(1) N/A
H) 0.04(1) 0.01(2)
La(Fe,Mn,Si) ;H, + GaInSn 0.02(1) N/A
0.01(1) —0.01(2)

Electric quadrupole splitting

Hyperfine Linewidth Spectral
field (T) (mm/s) Phase contribution (%)
33.4(1) 0.39(3) a-Fe 14(3)
26.9(1) 0.50(3) Fe, + Fey 86(3)
33.5(1) 0.41(3) a-Fe 6(3)
27.9(1) 0.50(3) Fe; + Fey 94(3)

“The number in parentheses indicates the measurement uncertainty in the last digit. For the Fe; + Fey; phase, the hyperfine field is the average

magnetic field.

To calculate As,, eq 1 is numerically integrated by
measuring the variation in the magnetization of the mixture
with temperature for the applied magnetic field from 0 to 2 T
with a step size of 0.2 T. The temperature range of the
measurement is chosen to be in the region of the Curie
temperature (291.5 K), which would be the operating
temperature of the mixture in a magnetic refrigerator. This is
because the magnetocaloric effect is maximum when the
change in magnetization with temperature is maximum, which
is at the Curie temperature of the MCM, where a magnetic
phase transition from the ferromagnetic to the paramagnetic
phase occurs.

A temperature range of 270—320 K is therefore selected for
further magnetization measurements. This is shown in Figure 2
for the mixture on weeks 26, 32, 5SS, and 85 and for the MCM
at ipH = 1 T. Note that in this temperature range, the liquid
metal remains in the liquid state. Therefore, the implications of
solidification and melting of the liquid metal observed in
Figure 1 are not present in Figure 2. Also, in Figure 2, it
appears that the magnetization of the mixture increases with
time, and it is higher than that of the MCM, which is indeed
not true. They appear this way because of the offset in the M—
T curve for the mixture. Furthermore, as noted above, the
magnetocaloric effect is proportional to (dM/dT)y, and the
same for the mixture decreases with time when compared with
that of the MCM, as shown in Figure 3.

The variation of As, with temperature for the MCM and the
mixture is shown in Figure 4 for yyAH = 1 T, calculated from

the heating curves of the corresponding M—T data. For each
case in Figure 4, a primary peak is followed by a secondary
peak at a higher temperature. Note that for the partially
hydrogenated La(Fe,Si),;H, material system, it is known that
the sharp magnetic phase transition is unstable.”* >° The
possible reason could be the diffusion of the hydrogen atoms
from the lower volume paramagnetic to the higher volume
ferromagnetic phase since the ferromagnetic lattice volume is
about 1—2% larger than the paramagnetic state volume for this
iso-structural transition.’* As a result, it will cause local
variations in the hydrogen segregation and, hence, an
inhomogeneous distribution of critical temperatures (i.e., the
secondary peak). The possible segregated secondary phase can
also be observed in the M—T curve (Figure 2) and the dM/dT
curve (Figure 3). It is worth mentioning that the phase
segregation phenomenon can be suppressed by homogeniza-
tion annealing.

From Figure 4, a reduction in the peak As,, value with time
for the mixture compared to the MCM is observed and is
discussed next.

3.2.1. Reduction in As,, Values. For p,AH of 1 T (Figure
4), the peak As,, value is 8.0 J kg™' K™ for the MCM. For the
mixture, the peak As, value decreases to 7.4 (—7.5%), 7.3
(—8.7%), 7.2 (—10.0%), and 6.9 (—13.7%) J kg™ K™ at weeks
26, 32, S5, and 85, respectively. In each case, the secondary
peak shows an opposite trend to the primary peak; ie., the
secondary peak increases with time for the mixture. The
secondary peak As,, value is 1.6 J kg™ K™ for the MCM, while
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it is 2.4 (+50.0%), 2.6 (+62.5%), 3.3 (+106.2%), and 3.6
(+125.0%) J kg_1 K™! for the mixture at weeks 26, 32, 55, and
85, respectively. In the first 26 weeks, the primary peak As,
value decreases by 0.6 J kg™ K" for the mixture, while in the
last 30 weeks (between weeks SS and 8S), the decrease is only
0.3 J kg™' K™'. Thus, the primary peak As, value for the
mixture seems to settle at a 14% reduction level after 1.5 years
compared to the MCM. Similarly, the increase in the
secondary peak As, value in the first 26 weeks is 0.8 J kg™
K™', while in the last 30 weeks, it increases by 0.3 J kg_1 K.
So, the secondary peak seems to settle near a 125% increased
level.

The variation in the primary and secondary peak As,, values
for the mixture as a function of yyAH is shown in Figure 5. It
can be seen that for yoAH < 1 T, the reduction in the primary
peak As, value is gradual with time. For yo,AH > 1 T, the
primary peak As,, value seems to stabilize between weeks 26
and 55 before continuing to decrease between weeks 55 and
8S. The trend of increase in the secondary peak As,, values of
the mixture with time is relatively similar for different yyAH,
while they coincide at 2 T. The slope of the change in As,
value with yyAH is decreasing for the primary peak, while it is
increasing for the secondary peak for ytpAH up to 1.6 T, after
which it begins to decrease. Also, the secondary peak As,, value
for the mixture is lower than its primary peak As value for
UoAH up to 1.6 T. The formation of such secondary peaks is
well-known for the partially hydrogenated MCM family of
materials, which is caused by hydrogen mobility between the
magnetic phases present.”””® The MCM was subjected to
twice the number of M—T measurements, and thus Curie
temperature transitions, over an 85 week period when
compared with that of the mixture. However, in contrast to
the mixture, its As,, profile remained relatively unchanged, as
can be seen in Figure 6. While it is useful to know the changes
in peak As, values, the performance of the magnetocaloric
mixture in the refrigerator depends on the distribution of As,,
over a finite operating temperature range and will be discussed
next.

3.2.2. Cooling Power. When the MCM is utilized for
refrigeration, it is important to know the amount of heat that it
can transport per unit mass from the low-temperature side
(Tp) to the high-temperature side (T};). This is determined by
the specific cooling energy (q) and is characterized by the
variation of the specific isothermal magnetic entropy change in
the temperature range of interest, as given by eq 2:°

M A (T d
= - sl T T

q L g m( AH ( 2)

The temperature span required for typical refrigeration
applications is in the range of 10—40 K. However, the
maximum adiabatic temperature change (another measure of
magnetocaloric effect) for typical magnetocaloric materials is
less than ~6 K for u,AH = 2 T. Furthermore, the MCM
considered is of the first-order magnetic transition type, which
exhibits a relatively narrow temperature range (for example, S
to 10 K) of useful magnetocaloric effect when compared with
the second-order magnetic transition materials such as Gd.
However, unlike Gd, materials such as La(Fe,Mn,Si);H,, and
MnFePSi, which though they have hysteresis issues, are
relatively less costly, made from widely available materials,
and their Curie temperature can be tuned by altering their
composition while still retaining a significant magnetocaloric
effect.

To extend the operating temperature range of magnetic
refrigerators, layered materials are typically used in so-called
active magnetic regenerators, where the Curie temperatures of
adjacent layers vary progressively. For systems based on the
magnetocaloric mixture discussed in Section 1, a cascade
arrangement of loops can be used with the Curie temperature
of adjacent loops varying progressively. In either case, each
material undergoes its own thermodynamic cycle. Thus, the
temperature range of interest in eq 2 is in the range of 5—10 K.

The variation in the specific cooling energy as a function of
the temperature span is plotted in Figure 7 for the MCM and
the mixture. The % variation of g for the mixture as compared
to the MCM is plotted in Figure 8. It can be seen that g
continues to decrease up to the investigated period of 85
weeks. For example, over a temperature span of interest, i.e,, 5
K, the reduction in g is 3, 4, 8, and 12% on weeks 26, 32, S5,
and 8S, respectively. This indicates that the specific cooling
energy has decreased over a period of 1.5 years and may
continue to do so. The reduction in specific cooling energy
decreases significantly over a temperature span of 9—12 K
(Figure 7). This is caused by the inclusion of a secondary peak
in As,,—T (Figure 4) in the specific cooling energy calculation
as the temperature span increases (eq 2). The reduction in q is
greater at lower temperature spans and continues to decrease
as the temperature span increases. Analysis over a broader span
of 40 K shows that the reduction in g is less than 1%. This
indicates that although As, has decreased near the Curie
temperature of the magnetocaloric material, the increase in
other temperatures is such that the area under the As —T
curve, as measured by g over a span of 40 K, has remained
essentially unchanged. However, for applications in MR, the
reduction in q over a 5 K temperature span is of importance.
To ascertain for any changes in the material, Mossbauer
spectroscopy measurement is carried out, as Fe is the major
component in the MCM and is discussed next.

3.2.3. Méssbauer Spectroscopy. Transmission >’Fe Moss-
bauer spectra were collected at 300 K with a conventional
constant-acceleration spectrometer using a 57Co(Rh) source.
Velocity calibration was carried out using a-Fe foil at room
temperature. The Mossbauer spectra were fitted using the
Mosswinn 4.0 program.””

Mossbauer measurements were performed at 300 K (>T, =
291.5 K) for the MCM, and the mixture is presented in Figure
9, and the fitted parameters are shown in Table 1. A
predominantly doublet profile is observed in the spectra.
Note that the MCM material belongs to the NaZn,; crystal
structure and has two nonequivalent Fe sites—Fe (8b) and
Fe;(96i). Of these, the former results in a relatively low
magnitude singlet, and the latter results in a relatively high
magnitude doublet, as observed in materials with similar
composition.”” Furthermore, the a-Fe phase is observed for
the present material, as also reported in®" for a material with a
similar composition.

The isomer shift, quadrupole split, and hyperfine fields for
the mixture (Table 1) show almost no change compared with
the MCM (taking into account the measurement uncertainty).
From this, we infer that the chemical environment of Fe is not
altered. Thus, the observed decrease in As,, near the Curie
temperature could be caused by the formation of two peaks
attributed to the unstable nature of H. However, even when
the unmixed MCM was subjected to twice as many
(de)magnetization cycles as the mixture, no such phase
segregation of hydrogen was observed (Figure 6). Therefore,
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the reason for its formation in the mixture requires further
analysis.

For the observed reduction of g in the mixture, apart from
measurement uncertainty, one possibility could be due to a
weak chemical reaction between other elements in the MCM
and the liquid metal. For example, in a study on the alloying
behavior between magnetocaloric MnFeNiGeSi and GalnSn
by Lu et al,** they identified the formation of a scarce Mn—Ga
alloy that is not magnetocaloric. They also reported no
chemical reaction between Fe and GalnSn. Therefore, for the
present mixture, such a formation of Mn—Ga could be a
possibility. A scanning electron microscopy image of the
mixture with its oxide layer removed, taken after 55 weeks, is
shown in Figure 11, along with the elemental maps. From this
figure, it is seen that the elemental distributions of La, Fe, and
Si are similar when compared to one another. Unlike this, Mn
is relatively widespread, indicating the possibility of a Mn—Ga
alloy formation.

Further, Mossbauer measurements for the MCM and the
mixture were performed at 120 K, well below the Curie
temperature (>T, = 291.5 K), as presented in Figure 10, and
the fitted parameters are shown in Table 2. All the parameters
remain nearly unchanged except the hyperfine field for Fe; and
Fey. The average hyperfine field for the Fe; + Fey phase is
higher for the mixture (27.9 T) when compared with the
MCM (26.9 T). This is attributed to the formation of Mn—Ga
alloy, which implies a reduction in the Mn content in the
magnetocaloric material that is present in the mixture. Since
Mn acts as a diluent in the magnetization measurement, its
decreased content results in an increased hyperfine field for the
mixture, which is in agreement with the literature.®

4. CONCLUSIONS

The use of a mixture of magnetocaloric material in liquid metal
as a heat transfer fluid has been investigated for its potential
application in magnetocaloric refrigerators. The magneto-
caloric material La(Fe,Mn,Si),sH, (Calorivac H) was selected
due to its favorable magnetocaloric properties and suitability
for commercial use. The nontoxic and nonflammable liquid
metal GalnSn was chosen for its desirable characteristics. The
report analyzed the impact of the GalnSn liquid metal on the
magnetocaloric effect of La(Fe,Mn,Si);;H, over a period of 1.5
years. The results of this study showed that the peak As, value
of the mixture decreased by approximately 14% when
subjected to a magnetic field change of 1 T. Furthermore,
the specific cooling energy (q) for a temperature span of S K
decreased by 3 to 12% over a period of 26 to 85 weeks,
respectively. Mossbauer spectroscopy analysis revealed that
there were no significant changes in the chemical environment
of Fe in the MCM. This indicates that the primary reason for
the observed reduction in the magnetocaloric properties could
be due to the formation of dual As, peaks in the mixture
caused by hydrogen mobility. A secondary reason could be due
to the alloying behavior between other elements in the MCM
and the liquid metal.

In conclusion, the study suggests that utilizing a mixture of
magnetocaloric material in liquid metal is a promising
approach for developing highly efficient magnetocaloric
refrigeration systems.
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