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Abstract: The in-operando stabilities of AlFe;B»-based (aka, 1-2-2) compounds were
investigated by mimicking two separate operating conditions (immersion in a heat transfer fluid
and magnetic field cycling) of an active magnetic regenerator (AMR) refrigerator. Parent
AlFe>B; and Ga-containing samples of nominal composition Al;>xGaxFe:B2 (x =0, 0.05 and 0.1)
were prepared by casting and subsequent annealing. The chemical stability of pulverized
(Al,Ga)Fe:B:-based compounds subjected to water immersion at room temperature for up to 960
hours was evaluated. In a separate test, the mechanical stability of dry (Al,Ga)Fe;B: cast-disk-
shaped samples was studied utilizing a device constructed to mimic the AMR field cycling
process. The materials’ responses as a function of water-immersion time or of magnetic field
cycles were assessed by probing the crystal structure, the microstructure, the magnetic characters
and the magnetocaloric response as quantified by the magnetic entropy change 4S.4,. The water-
immersed pulverized samples exhibit exponential-decay-like degradations in magnetization and
in ASmag. The Ga-containing compound exhibits significantly smaller reductions in magnetization
and in 4Syqg after 960 hours of water immersion relative to those of the Ga-free composition. In
the separate magnetic-field-cycling test conducted under a dry condition, the structural and the
magnetocaloric responses of both the Ga-free and Ga-containing disks remain similar after ~5 x
10° cycles in and out of a 0.5 T magnetic field. The decrease in the magnetocaloric response
during water immersion is attributed to the formation of oxide and/or hydroxide phases that
reduced the AlFe;B: phase fraction. The stable structure and the constant magnetocaloric
response observed after magnetic field cycling are attributed to the extremely small unit cell
volume change of AlFe>B; through its magnetic phase transition. Overall, these results

demonstrate that the AlFe>B>-based compounds exhibit good chemical stability upon water
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immersion that is improved by small Ga additions, and robust mechanical integrity upon dry
magnetic field cycling, suggesting that AlFe;B»-based compounds are promising as robust AMR

magnetic refrigeration working materials.

Keywords: magnetic refrigeration, magnetocaloric effect, AlFe;B», stability, oxides.



1. Introduction

Concerns regarding global energy resource scarcity and environmental degradation have
accelerated the development of energy-efficient and environmentally friendly cooling
replacements for the conventional vapor-compression system. Magnetic refrigeration provides
improved energy efficiency (by approximately 30-50%) and reduces greenhouse or ozone-
depleting gas emissions relative to the current technology [1][2]. Magnetic refrigeration utilizes
the Magnetocaloric Effect (MCE), which is the reversible adiabatic temperature change
demonstrated by certain magnetic materials upon the application and subsequent removal of an

external magnetic field in the vicinity of a magnetic phase transition.

Major challenges in the implementation of room-temperature magnetic cooling technology
include the choice of suitable and economically viable MCE working materials that exhibit
appreciable magnetocaloric effects (characterized by the magnetic entropy change, A4S, and
the associated adiabatic temperature change, 47,4) near the temperature(s) of interest. An
additional challenge, which is of equivalent importance but is often overlooked, is the stability of
the magnetic refrigeration working material over its lifetime immersed in a heat transfer fluid
under millions of magnetic cycles. With the active magnetic regenerator (AMR) as the core
component, a magnetic refrigerator typically utilizes water to exchange thermal energy generated
or absorbed from magnetizing and demagnetizing the MCE materials [3][4]. Some room-
temperature MCE materials, such as La(Fe,Si1)13, Gd and Gd-based compounds, are chemically
reactive and tend to corrode when exposed to the working fluid in an AMR device, degrading the
MCE response [5][6]. Further, most MCE materials, especially those which undergo first-order
magnetic phase transitions, suffer from substantial lattice dimension changes that can lead to
weakening or even disintegration upon extended magnetic field cycling. Such materials include

La(Fe,Si)13 [7][8], MnFeP-based [9], Gds(SixGei-x)4 [10] and the Heusler compounds [11].

In recent years, compositions based on the ferromagnetic intermetallic compound AlFe;B> (1-2-
2) have been considered for magnetocaloric applications due to their low cost, good magnetic
characteristics and tunable magnetocaloric effect near room temperature [12][13][14]. To date,
several reports have focused on tailoring the 1-2-2 MCE response and studying the coupled
structural and magnetic phase transition in this family of compounds [13][14][15]. However,

little attention has been directed towards assessing the stability of this particular family of



compounds when subjected to the operating conditions found in an AMR refrigerator. To this
end, the in-operando stabilities of a selection of AlFe;B;-based compounds were investigated by
simulating the AMR device operating conditions in two manners: (1) prolonged immersion in a
heat transfer fluid and (i) extended magnetic field cycling in a dry environment. The chemical
stability of AlFe;B2-based compounds was evaluated in pulverized samples subjected to water
immersion for up to 960 hours at room temperature. In a separate investigation, the mechanical
integrity of these compounds in cast-disk form was evaluated after long-term cycling near the
magnetic transition temperature using a home-built device that mimics the magnetic cycling
aspect of AMR operation. The evolution of the materials’ responses under these two separate
conditions was assessed from structural and magnetic data. Briefly, it is determined that the
water-immersed samples exhibited limited degradations in magnetization and in MCE response,
a result that is attributed to the formation of surface oxides and/or hydroxides that reduce the
phase fraction of AlFe;B.. In parallel, the microstructure, crystal structure, and MCE response of
the field-cycled samples remained unaltered after 168 hours of magnetic field cycling (~5 x 10°
cycles) in a dry environment, confirming robust mechanical integrity of the AlFe>B> compound.
The combination of these two separate experiments allow facile assessment of the in-operando

stabilities of the AlFe;B»>-based compounds in advance testing them in a pilot AMR device.
2. Experimental Methods

The in-operando stabilities of a selection of AlFe;Bz-based compounds were investigated from
two different perspectives — chemical stability and mechanical stability — requiring the
construction of two separate devices that mimic the AMR refrigerator working conditions to test
these aspects. Materials with nominal compositions Al;2.xGaxFe;B2 (x =0, 0.05 and 0.1) were
prepared for these tests; previous studies confirmed that small alloying additions of Ga enabled
tuning of the MCE response of AlFe;B»-based compounds [14]. Using these constructed devices,
the samples were separately subjected to water immersion at room temperature and to magnetic
field cycling in a cast-disk form near their Curie temperatures. The evolution of the structural
and magnetic characteristics of the samples due to the prolonged water immersion or to the

magnetic field cycling was assessed by a variety of probes.

2.1 The samples: Samples of nominal compositions Ali2xGaxFe2B2 (x = 0, 0.05 and 0.1) were

synthesized from aluminum, iron, and boron elemental granules (99.95% or higher) by arc



melting under an argon atmosphere; the melting process was repeated at least three times to
improve chemical homogeneity. As the compound forms by a peritectic reaction from the melt,
excess aluminum was added to the compositions to maximize the AlFe;B> phase content and to
reduce the formation of detrimental borides [15]. Henceforth, these samples are referred to as
“Ga-free” (x=0), “Ga-0.05" (x=0.05) and “Ga-0.1" (x=0.1). These ingots were subsequently
suction-cast into a 5-mm-diameter cylindrical copper mold. The suction-cast rods (average
length of 4 cm) were then sealed in quartz ampoules backfilled with a partial pressure of ultra-
high purity argon. The samples were annealed in ampoules that were heated at 10 °C per minute

to 1040 °C and held for 72 hours, followed by furnace cooling to room temperature.

Pulverized samples of the Ga-free and Ga-0.05 compositions were prepared for the water-
immersion test by grinding a portion of the annealed sample rod (described above) in air and
sieving to achieve the particulate form of an AMR working material. A particle diameter in the
range of 45-75 um was utilized for this experiment, in accordance with the suggested lower-limit
particle size of AMR working materials [16]. For the magnetic field cycling test, cylindrical
samples (Ga-free and Ga-0.1, 2 mm height x 5 mm diameter) were cut from the annealed sample
rods using a low-speed diamond saw. Both sides of the cylinders were ground with 240, 400, 600
grit sandpapers and polished with a colloidal alumina suspension (1 pm) for surface quality

observation.

2.2 Apparatus and conditions to mimic the AMR refrigeration cycle: Two separate devices
were constructed to mimic the water immersion and magnetic field cycling conditions of AMR
refrigeration cycles. These testing conditions and parameters were chosen to be consistent with
those found in an existing AMR cooling apparatus and were remained consistent between
different tests applied to different samples. Descriptions of each device and the experimental

conditions are provided here.

Water-immersion apparatus: A water-immersion apparatus was constructed to continuously
agitate the pulverized AlFe;B;-based samples in water. This apparatus consists of a capped
container with room-temperature tap water (~200 ml) that was circulated using a magnetic stirrer
to simulate a fluid media flowing through an AMR working material bed, Figure 1. Sieved Ga-
free and Ga-0.05 powders were enclosed in rosin bags (mesh size = 25 um) and immersed in the

water stirred at a rate of ~100 RPM for four separate time durations: 50 hours, 200 hours, 480



hours and 960 hours. After each time duration, the powders were removed from the bags and
subsequently dried in vacuum at room temperature for up to 8 hours before further

characterization.

Magnetic field cycling apparatus: A magnetic field cycling rig (Figure 2) was designed and
constructed to subject AlFe;Bo—based samples to the application and removal of a magnetic field,
thereby mimicking the magnetic cycling aspect of the AMR refrigeration. The cycling rig
(Figure 2a) consists of two aluminum plates (40 mm diameter x 6 mm thickness) that are
bookended by two iron plates of the same size for magnetic flux closure. The top aluminum
“sample” plate possesses a circular array of annealed 1-2-2 samples inserted into eight evenly
spaced thru-holes (5 mm diameter) located 8 mm from the plate edge, Figure 2b. This sample
plate is rotated by a DC motor operating at a frequency of 12 RPM and is located 1 mm above a
stationary aluminum “magnet” plate. The magnet plate holds four neodymium-iron-boron
permanent magnet cylinders (McMaster-Carr, N52, 6 mm diameter x 6 mm thickness) that are
arranged in alternating north-south remanent magnetic polarization configurations (see Figure 2c
for locations). Each magnet provided a maximum field of poHqp = 0.5 T along the magnetic
polarization direction (axial) near the sample location, as verified by a Gaussmeter. A smooth
sample plate rotation with minimal cogging torque was promoted by slightly offsetting the
magnets’ positions on the magnet plate to ensure that no more than two sample-magnet pairs
were aligned at any time during rotation. The magnetic flux was concentrated and guided
through the samples between the sample plate and the magnet plate, with the two iron plates
bookended for the flux closure. The entire cycling apparatus was placed in a refrigerator
maintained at a temperature within £1.5 degrees of the tested samples’ magnetic transitions
temperatures. The Ga-free and Ga-0.1 1-2-2 samples with polished flat surfaces were cycled
continuously in this apparatus for 48 and 168 hours, delivering ~1.5 x 10 and ~ 5 x 10° cycles in

and out of the 0.5 T magnetic field.

2.3 Characterization methods: The pH values of the water containing the pulverized 1-2-2
samples were tested using standard pH testing paper (Jovitec) before and after 960 hours of
immersion. The structural and magnetic properties and MCE responses of the samples were
assessed before and after the water immersion or the magnetic field cycling tests. The surface
quality of the annealed sample disks was assessed with a Leica DM-ILM optical microscope.

The sample phase identity and crystal structure were examined using X-ray diffraction (XRD)
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conducted before and after the water immersion or the magnetic field cycling tests. The
diffraction data were collected using a PANalytical/Philips X’Pert Pro X-ray diffractometer
employing Cu-K, radiation in the range 20° < 26 < 80°. Lattice parameters and unit cell volume
of the 1-2-2 phase were determined from the XRD data using the Rietveld Refinement feature in
the program GSAS-II [17]. The magnetic response was measured as a function of both applied
magnetic field (-3 T < uoHapp <3 T) and temperature (50 K <7< 400 K) using Vibrating Sample
Magnetometry (VSM; Quantum Design Versalab). Pulverized samples of mass ~30 mg from
the water immersion tests were enclosed in diamagnetic cylindrical plastic capsules and then
mounted in brass tubes prior to the magnetic measurement; the sample disks from the magnetic
cycling tests were mounted parallel to the applied magnetic field. The data were corrected
[18][19] for demagnetization effects, with the pulverized sample corrections based on packing
fractions of 0.3-0.4 [20]. The magnetization of the samples is reported using data collected at 7' =
50 K and poHapp = 2 T, therefore designated as “M (50 K, 2 T)”. The magnetocaloric response of
the samples was indirectly quantified by evaluation of the magnetic entropy change A4S, under
an applied field of poHupp < 2 T (designated as “ASnuqg (2 T)”), as calculated from Maxwell’s
Relation (Eq. [1], Ref. [2]) applied to M(H) isotherms measured at 2.5 K temperature intervals in

the vicinity of the samples’ Curie temperatures, which were previously reported [14].

Hmax a
ASmag(H,T) = 1o o™ (55)  dH Eq. [1]

. . M . o o
Here, uo is the permeability of free space, o7 18 the temperature derivative of the magnetization

and Hax 1s the maximum applied magnetic field. In this work, the Curie temperature was
determined as the temperature yielding the maximum 45,4, the magnetocaloric working
temperature range was identified as the temperature difference of the full width at half-maximum
(0Trwnm) of the peak in the A4S,.4, vs. T curve. These above-defined parameters, including 1-2-2
phase lattice parameters, M (50 K, 2 T), and 4S84 (2 T), were plotted as a function of water-

immersion time or magnetic field cycles to identify any structural or functional degradation.
3. Experimental results

The structural and magnetic attributes used to assess the stabilities of the studied (Al,Ga)Fe>B»-
based samples upon water immersion (Ga-free and Ga-0.05) and magnetic field cycling (Ga-free

and Ga-0.1) are presented here.



3.1. Properties of the pre-tested materials

Diffraction patterns of all pre-tested (Al,Ga)Fe:B2-based samples (both pulverized and disk-
shaped forms) exhibit sharp Bragg peaks and confirm the attainment of nominally phase-pure
AlFe;B> with the Cmmm-type orthorhombic crystal structure. The XRD data of the pulverized
Ga-0.05 sample feature intensified (0k0) (k = even) Bragg reflections, Figure 3a, a result

suggesting that Ga modification influences the bondings along this family of cleavage planes.
The 1-2-2 phase lattice parameters, M(50 K, 2 T), T¢, and the ASﬁlZ‘fgk (2 T) values of all these

samples, prior to the water immersion or to the magnetic field cycling tests, are found to be
consistent with those reported previously [14], Table 1. The polished flat surfaces of the
(Al,Ga)Fe:B; disks exhibit porosity in the optical micrographs, a morphological feature
attributed to melting and capillary migration of the Al-rich phase (peritectic byproduct) during

the annealing process, as reported in Ref. [15].
3.2. Water immersion test results

While the acidity of the water used in the immersion tests for both samples did not change from
its initial value of pH ~ 6 over the course of the experiments, both powders changed their colors

from black to brown.

The main AlFe:B: phase is preserved in both the Ga-free and Ga-0.05 pulverized samples after
960 hours of water immersion, as illustrated by the XRD patterns shown in Figure 3a. No
obvious changes are observed in the Bragg peak widths nor in the relative peak intensities in the
post-immersed samples of both compositions. The variations of all 1-2-2 phase lattice parameters
as a function of water immersion time are determined to be small (< 0.02%), resulting in
negligible changes in the unit cell volume, as illustrated for the Ga-free sample in Figure 3b.
However, low-intensity Bragg peaks, not associated with the 1-2-2 phase, are noted in the XRD
patterns of the post-immersed Ga-free samples, indicative of the appearance of secondary phases
as a result of water immersion, Figure 4. In contrast, these secondary phases reflections are
barely observed in XRD data of the post-immersed Ga-0.05 sample, within the limits of

detection.

The M vs. uoH data measured at 50 K and at 400 K for the pulverized samples of both

compositions before and after the 960 hours of water immersion are shown in Figures 5a and 5b.



These pulverized samples exhibit a non-saturated ferromagnetic response with low (50 — 100 Oe)
coercivities at 50 K; the data are largely paramagnetic at 400 K, with evidence of a small
ferromagnetic signal (< 0.2 emu/g) that decreases in magnitude with increased water immersion
time. The measured magnetization values are in good agreement with the literature values, and
the Ga-free sample shows a higher initial susceptibility relative to that of the Ga-0.05 sample.
Both post-immersed samples exhibit decreased magnetization values (M (50 K, 2 T)) relative to
those of the pre-immersed powders after 960 hours, with the decrease notably lower in the Ga-
0.05 sample (by ~14%) than that of the Ga-free sample (by ~25%). Similarly, the calculated
“per-sample-mass” ASmag (2 T) values also decrease with increased immersion time for both
samples, with the Ga-0.05 sample showing a lower reduction (11%) versus that of the Ga-free
sample (24%), Figure 6a. These degradations follow an approximate exponential-decay trend

(Eq. [2]) that may be approximated as
Yy =Yy + A-exp(Bt) Eq. [2]

Here, y represents either M (50 K, 2 T) or ASnag; t is water-immersion time (hr); yo refers to the
value at stabilization when the immersion time approaches infinity with A (emu/g or J-kg"'K™")
and B (hr!) as fitting parameters. The functional degradations of both M (50 K, 2 T) and ASyae (2
T), with the fitted exponential-decay functions (Eq. [2]) to guide the eye, are provided in Figure
7; the aforementioned constants (yo, A and B) used to fit the degradation trends for both
compositions, as well as the time at 95% value stabilization for each fit, are summarized in Table
3. It is noted that ~ 95% stabilization of these parameters occurs after ~800 hours of water
immersion time. The weight fraction of the 1-2-2 phase present at each water-immersion stage
was estimated by rescaling the degraded M (50 K, 2 T) or ASmae value to its pre-immersed value.
When corrected for the degraded 1-2-2 phase fraction, the “per-122-unit-mass” ASmag curves
(Figure 6b, illustrated for Ga-free sample) are found to be very similar between different water-
immersion stages for both compositions. Additionally, the Curie temperature 7¢, associated with
the peak ASyqe value, and the width of the transition (67rwum) remain unaltered throughout the

water immersion test.
3.3 Magnetic-field cycling test results

After 5 x 10° magnetic field cycles, the 1-2-2 phase crystal structure and lattice parameters of

both the Ga-free and Ga-0.1 disks remain unchanged, with no secondary phase formation. No



noticeable surface cracks or flakes appear on the disks after the cycling tests, representative
surface optical micrographs for the Ga-free sample, before and after magnetic field cycling, are
shown in Figure 8. Similarly, no significant changes are observed in the magnetic characteristics
(M (50 K, 2 T), Tc and ASyag) of both Ga-free and Ga-0.1 disks after the magnetic field cycling
tests, Table 4. The M vs. uoH behavior of the 1-2-2 disks is very similar to those of the
pulverized samples from the water immersion test, Figure 9a. Additionally, the magnetic entropy
change curves (ASmqg vs. T) are almost unchanged before and after the magnetic field cycling
tests, Figure 9b, indicative of the unaltered 7Tc, 0Trwrm, and MCE responses upon magnetic

fielding cycling for both samples.
4. Discussion

Stability of AlFe;B; materials properties: The documentation of stable 1-2-2 phase crystal
structure, lattice parameters and microstructure of the studied (Al,Ga)Fe;B2-based samples (both
in pulverized and solid disk forms) indicate that the nature of the 1-2-2 phase remains unchanged
with water immersion or with magnetic field cycling for both compositions. These unchanged
structural characteristics are echoed by the stable magnetic characteristics Tc, 0 Trwnm and the
“per-122-unit-mass” ASuqg. As it is reported that these aforementioned parameters (lattice
parameters, Tc, ASmag) of AlFe;B2-based compounds are highly sensitive to specific chemical
composition [14],[15]; it is concluded that the chemical composition of the 1-2-2 phase in these
samples remains stable under either test condition. Further, the samples are also mechanically
robust, an observation attributed to the nominally conserved unit cell volume through the

magnetic phase transition temperature [13].

While the samples are largely robust under AMR-type in-operando conditions, some chemical
degradations do occur. The black-to-brown color change of the pulverized samples from the
water immersion test suggests the formation of certain oxides and/or hydroxides on the 1-2-2
particle surface during water immersion. This observation is corroborated by the appearance of
secondary small and broad Bragg peaks noted in the XRD patterns of the water-immersed
powders (Figure 4). It is proposed that the surface of the AlFe;B2-based particles decompose in
water to produce aluminum-, iron-, and boron-based oxides or hydroxides. This hypothesis is
supported by the recent work from Mann and coworkers, who reported that the decomposition of

AlFe>B; under alkaline conditions was initiated by partial etching of the Al layer in the 1-2-2
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crystal structure followed by the corrosion of the exposed [Fe2B:] chains to form Fe3O4 and a
soluble borate [21]. The corrosion products reduce the phase fraction of the functional 1-2-2
phase, resulting in the decrease of magnetization and of MCE response, Figure 5 and 6a; and
eventually passivate the particle surface, as indicated by the observed stabilization of the

functional degradations, Figure 7.

Stability of AlFe;B; Magnetocaloric Response and Technological Implications: The MCE
response remains stable in the disk-shaped 1-2-2 samples of both Ga-free and Ga-containing
compositions under magnetic cycling conditions, consistent with their robust structural and
magnetic characters. In contrast, the pulverized 1-2-2 samples of both compositions experience
limited degradations in the measured magnetic entropy change upon extended water immersion
(Figure 7). The Ga-containing samples from the water-immersion test exhibit a much smaller
magnitude of degradation (by a factor of two), than do the Ga-free samples; this observation
indicates that a small amount of Ga alloying addition improves the corrosion resistance of the 1-

2-2 compound, thereby producing a more chemically stable MCE working material.

In terms of the in-operando stabilities as AMR refrigerator working materials, the AlFe;B2 based
compounds in general outperform other existing technologically relevant MCE materials
families, including Gds(SiGe)4, La(Fe,Si)13, and FeMn(P,Si,As) family, and show appreciable
magnetocaloric potential as robust AMR refrigeration working materials, Table 5, [S]-[11].
Further, this current study, combined with earlier literature, suggests that small amount of Ga
alloying additions in the AlFe>B> composition not only enables enhancements of MCE response
(up to two-fold) and closer-to-room-temperature working temperature range [14], but also
provide a more robust stabilities under AMR-type in-operando conditions. These improvements
make the AlFe;B; MCE family even more competitive with other existing MCE materials

families.
5. Summary and conclusion

The in-operando stabilities of the (Al,Ga)Fe;B> compounds were investigated in two separate
aspects (water immersion and magnetic field cycling), mimicking the AMR device operating
conditions. The evolutions of the materials’ structural and magnetic responses as a function of
water immersion time or magnetic field cycles were reported. On one hand, results illustrate that

the AlFe;B»2-based compounds are largely robust under the AMR-type in-operando conditions;
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the crystal structure, chemical composition and the mechanical integrity of the 1-2-2 phase all
remain stable under these conditions. On the other hand, functional degradations do occur under
the water immersion condition, oxides and/or hydroxides that reduce the phase fraction of the
functional 1-2-2 phase form with extended water immersion, degrading the overall magnetization
and the magnetocaloric response. The degradations follow an approximate exponential-decay
trend and tend to stabilize with increased water-immersion time. Relative to the unmodified
parent AlFe>B> compound, a significant enhancement of material’s stability under the AMR-type
in-operando conditions was noted in the 1-2-2 composition with a small amount of Ga alloying

addition.

In general, in terms of the in-operando stabilities as AMR refrigerator working materials, the
AlFe;B»-based compounds outperform other existing technologically relevant MCE materials
families, including Gds(SiGe)4, La(Fe,Si)13, and FeMn(P,Si,As) family, and show promising

magnetocaloric potential as robust AMR refrigeration working materials.
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Tables and Figures

Table 1. Summary of properties of the (Al,Ga)Fe;B: starting materials (both pulverized and
cast-disk samples); the properties include structural attributes (lattice parameters, unit cell

volume) and magnetic attributes (M (50 K, 2 T), Tc and AS

peak
mag

2T)).

Structural attributes

Magnetic attributes

Composition

Ga-free

Ga-0.05

Ga-0.1

Starting
sample

powders
disks

Ref. [14]

powders

Ref. [14]

disks

Ref. [14]

Lattice parameters (108)

a=2.925(2), b=11.029(5),

c=2.865(1)

a=2.925(2), b=11.034(5),

c=2.864(1)

a=2.924 (1), b=11.029 (9),

¢=2.866 (1)

a=2.928(2), b=11.037(7),

¢=2.869(1)

a=2.926(2), b=11.034(7),

c=2.868(5)

a=2.929(2), b=11.038(7),

c=2.873(1)

a=2.927(2), b=11.035(5),

c=2.870(2)

Vunit cell

(A%
92.4
(20.1)

92.4
(0.1)

92.4
(£0.2)

92.7
(0.1)

92.6
(x0.2)

92.9
(0.1)

92.7
(£0.2)

M (50 K)

(emu/g)

71+£0.5
(V)

69(2T)

78 (9T)

74 £0.5
2T

80(9T)

752 T)

84971

ASmag(2'T)

(J-kg'K™)

2.49
(+0.04)

3.11
(£0.05)

2.70

2.74
(£0.05)

3.67

4.03
(£0.06)

4.42

Tc (K)

274
(0.5)

274
(£0.5)

272

286
(£0.5)

282

296
(20.5)

290
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Table 2. Summary of magnetic properties (M (50 K, 2 T) and T¢) and the peak MCE response
(AS,’:&Z’{ (2 T)) of the pulverized Ga-free and Ga-0.05 1-2-2 compounds at various water-
immersion stages.

As ground 50-hr 200-hr 480-hr 960-hr
M (50K,2T)
(emu/g) 71 (+0.6) 658(x0.8) 613(x1.1) 5631  53(x0.8)
Ga-free ff’f(égfg)) 249 (£0.04) 236 (x0.06) 2.2(x0.06) 2(£0.05  1.9(x0.03)
Tc (K) 274 (£0.5)
M (50K,2T)
(emug) 74305 71312 68215 N/A 63.4 (£0.9)
G ff’il;gﬂ)) 274 (£0.02) 266 (£0.05) 257006  N/A  242(x0.04)
Tc (K) 286 (+0.5)

Table 3. Summary of fitting parameters (yo, A and B) that describe the degradation of M (50 K, 2
T) and ASnmag (2 T) according to Eq. [2], y = y, + A - exp(Bt), as well as the estimated time
required to realize 95% stabilization of degradations for both the Ga-free and Ga-0.05 samples.

. t @95%

o A B () abilization(hr)
Cotree MEVK2T)  S29(Demug 170 (12 emuz 00038 (10) 765 (+ 80)
I ASmeT) 187 @ Jkg'K'  0.61 3)Jkg'K'  0.0034(6) 880 (+ 60)
congs MOVK2T) 63110 emus 10712 emuls  0.0038(13) 780 (+ 70)
A ASme2T) 240 (5)Jkg'K'  033(3)Jkg’K'  0.0033(11) 880 (+ 80)

Table 4. Summary of magnetic properties (M (50 K, 2 T) and T¢), and the peak MCE response
(AS,’:IZ“IQR (2 T)) of the Ga-free and Ga-0.1 cast-disk samples before and after the magnetic field
cycling (1.5 x 103 and 5 x 10° cycles)

Pre-cycled Post 1.5 x 10° cycles  Post 5 x 10° cycles
M Q2T,50K)
(emu/g) 69.5 (£1) 68.8 (£0.8) 68.4 (+0.8)
Ga-free Tc (K) 274 (£0.5)
ASmag (2 T)
(J-ke 'K 3.11 (£0.2) 3.03 (£0.2) 3.05 (£0.2)
M Q2T,50K)
(emu/g) 72.5 (£0.5) 72.5 (£0.5) 73.4 (£0.5)
Ga-0.1 Tc (K) 296 (£0.5)
ASiag (2 T)
(J-ke 'K 4.03 (£0.1) 4.05 (20.1) 4.12 (£0.1)
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Table 5. Summary of the MCE responses and the in-operando stabilities of AlFe;B»-,
GdsSi>Ge»-, La(Fe,Si)13- and FeMn(P,Si,Ge,As)- based MCE compounds

Materials
System

MCE response
(uoH opp = 2 T) [14]

In-operando stability aspects

AlFe;B;:-based
system

Gds(SiGe)s-
based system

La(Fe,Si)13-
based system
MnFe(P,Si,As)-
based system

ASmag: up t0 6.5 J- kg 'K
ATu:upto 2.2 K .

ASyag: 6.1-14 J- kg 'K,
AT.: 6-7.5 K

ASpag: 8.4-24 T-kg'K!; -
ATu: 3-TK L

ASpag: 11-31 J- kg 'K, .
AT.:: 3-6 K

Excellent mechanical integrity upon magnetic field cycling
(UoHqpp~ 0.5 T, ~5 x 10° cycles; this work)

Good and tailorable chemical stability upon water
immersion (in the form of powder, up to 40 days; this work)

* Corrodes in the air or water, undergo surface damage and

large MCE degradations (up to ~30%, large cast ingot) after
aging for up to a year. [5]

Extremely brittle; decomposes near T¢ (¢oHgpp ~ 0).

Highly reactive to oxygen in the water and form oxides.[6]

Micro-cracks tend to appear with the change of T, after a
few cycles of phase transition (uoHap ~ 0). [9]
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Rosin bag (25 um mesh) “

Tap water (Room temp.) <—

Magnetic stirrer (~100 RPM)@

O O

1-2-2 powders (45-75 pm) -

U
Figure 1. Schematic of the water-immersion experimental setup that was used to simulate the

working fluid immersion in AMR refrigerators. The pulverized samples (45-75 um), enclosed in
rosin bags with a mesh size of 25 um, are agitated in water by a magnetic stirrer (~100 RPM) at

room temperature.

(b) Sample plate
(a) 6 mm @ 40 mm

» [« —Alrod

e

a5
Sample plate A/F'e palp T o
O

Magnet plate\ DC motor

4

ST e plats " (12 RPM)
L » |e (c) Magnet plate
9 mm @ /—Q 40 mm
O @

@ @6 mm

Figure 2. The schematic of the magnetic field cycling rig that is used to simulate the magnetic
field cycling condition in AMR refrigerators: (a) side view of the magnetic field cycling rig; (b)
top view of the “sample plate”; (c) top view of the “magnet plate”. Magnetic field cycling
(1oHapp = 0.5 T) is created by the rotation of a “sample plate” that contains AlFe>B> sample disks
1 mm above a stationary “magnet plate” containing a circular array of four neodymium-iron-

boron cylindrical magnets.
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Figure 3. (a) The XRD patterns with Rietveld fits and residuals of the pulverized (Al,Ga)Fe2B2
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a parameter
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L unit cell volume

R SD G S ¢
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Water-immersion time (hour)

samples (45-75 um) before and after the water immersion tests: (i) as-ground Ga-free 1-2-2

sample; (i1) post-immersed Ga-free sample; (iii) as-ground Ga-0.05 1-2-2 sample; (iv) post-

immersed Ga-0.05 sample. The attainment of the main 1-2-2 phase was confirmed for both

compositions before and after the water immersion tests. The Ga-0.05 powders feature

intensified (0k0) (k = 4, 6, 8) Bragg reflections of the 1-2-2 phase. (b) Fluctuations of lattice

parameters and unit cell volumes of the Ga-free compound as a function of water-immersion

time. The variations in lattice parameters and unit cell volume at different immersion stages are

well within experimental errors.
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—— As ground
—— 960-hr-immersed

Intensity (a.u.)

Figure 4. XRD patterns of the Ga-free as-ground and 960-hour-immersed powders. Secondary
low-intensity XRD signatures that are associated with oxides and/or hydroxides phases are

shown in the XRD patterns of the post-immersed samples.
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Figure 5. M vs. uoH plots of both Ga-free and Ga-0.05 1-2-2 samples before and after the 960
hours water immersion: (a) T =50 K; (b) T =400 K.
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Figure 6. (a) ASyqgvs. T curves (uoHqpp = 2 T) of the Ga-free powders at different water

immersion stages; (b) ASuag vs. T curves (in (a)) with ASy, corrected for the degraded 1-2-2

phase fraction to estimate the response per unit mass of the 1-2-2 phase, the normalized curves

remained unaltered with water immersion.
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Figure 7. Water-immersion time dependence of (a) M (50 K, 2 T) and (b) A

Immersion time (hour)

- (b)

Y --=-- Ga-free 1-2-2
- }% --+--Ga-0.05 1-2-2
2.4 } “““ b
221 {-

2.0 T ‘
y tioHopp =2 T R
' 0 250 500 750 1000

Immersion time (hour)

peak
Smag

(2 T) for the

pulverized Ga-free and Ga-0.05 samples. The functional responses of both compositions

decreased following an approximate exponential-decay trend with the 95% stabilization occurs

after ~800 hours of water immersion (details of the fitting are provided in Table 3).
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Magnetization (emu/qg)

Ga-free 1-2-2
pre-cycle

Ga-free 1-2-2
Post-cycle

Figure 8. Optical micrographs of the Ga-free disks before (left) and after (right) ~ 5 x 10 3 cycles

in and out of the 0.5 T magnetic field in the cycling apparatus. The sample remained intact after

magnetic field cycling, and no surface microcracks or flakes were observed.
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Figure 9. (a) M vs. uoH plots for the Ga-0.1 sample disk at 7= 50 K and 7= 400 K (inset)

showing that the magnetization tracks similarly before and after the magnetic field cycling test.

(b) 4Smag vs. T curves for the Ga-0.1 sample shows a similar peak temperature, magnitude, and

MCE working temperature range for the MCE response before and after the ~5 x 10 3 magnetic

field cycles.
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Small alloying additions of gallium enable
Improvement of the AlFe,B, stabilities
287 --u-- Ga-free 1-2-2
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The magnetocaloric response of AlFe,B, decrease upon
immersion in water, a typical heat-transfer fluid.





