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Abstract

Additive manufacturing could be an excellent way of shaping magnetocaloric heat exchangers
in magnetic refrigerators. However, the metal additive manufacturing techniques present the
serious limitation that the melting of a magnetocaloric material can cause its transformation and
the loss of functionality. Fused deposition modeling using polymer-based composite filaments
is presented as a promising alternative as temperatures are low enough to preserve the
magnetocaloric material. To prove this claim, a polymer-based composite filament containing
55 wt.% of (La,Ce)(Fe,Mn,S1)13-H magnetocaloric fillers has been manufactured using custom-
made polymer capsules as the feedstock for the extrusion. Both adiabatic temperature change
and isothermal entropy change have been characterized for the fillers, as-prepared filaments and
as-printed parts, indicating that the magnetocaloric material functionality is not altered along the
whole process. Printing resolution is comparable to the raw PLA filament.
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1 Introduction

Magnetocaloric effect (MCE) is a functionality that can be used for energy -efficient
refrigeration [1]. High-performance MCE materials, usually intermetallics with first-order phase
transition (FOPT), inevitably exhibit poor processability, which limits their incorporation in
actual devices. Their brittleness and the volume changes due to the FOPT makes it challenging
to develop durable heat transfer parts of optimal shapes using traditional manufacturing
methods [2][3]. Additive manufacturing (AM), whose rapid advances are position this
technology in a relevant place for the manufacturing of final functional parts [4][5], could be
instrumental in overcoming these issues of magnetocaloric regenerators [6][7]. Although there
have been works that directly print from raw metallic powders, e.g., laser or electron beam
melting, the additional melting of the magnetocaloric material could lead to compositional
changes or lose the desired phase that mainly contribute to the large MCE. These would lead to
alteration in the overall material performance, which is highly undesirable. This has shown to be
relevant for Heusler alloys [8][9][10][11], (Mn,Fe)»(P,Si) [12][13] or La(Fe,Si)s [6][7][14][15].
Very recently, injection molding and extrusion-based AM are starting to be used for printing
magnetocaloric regenerators with the hypothesis that the lower processing temperatures prevent
the highly desirable phases that contribute to high MCE performance from being altered
[16][17][18]. However, a full characterization of the magnetocaloric performance and how it
evolves along the whole fabrication route is still missing.

Focusing on La(Fe,Si)13 materials, which present excellent magnetocaloric responses together
with reduced hysteresis, different attempts have been performed on extrusion-based AM. S.
Wieland et al. [19] successfully mixed high loads of La(Fe,Si)is powder with a mixture of
polyethylene binder and waxes for extrusion molding. Chemical and thermal debinding have
been performed prior to thermal annealing and hydrogenation processes on the final
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manufactured parts to improve the NaZnis-type structure (1:13) content and to obtain the MCE
response close to room temperature (RT). The annealing also served as the sintering of the
molded parts, but it causes several distortions of some pieces as well as difficulties in
optimizing the material and in preventing the appearance of oxides. J. Lanzarini et al. [20]
mixed (La,Ce)(Fe,Mn,Si)13-H powders with thermoplastic polypropylene for injection molding
without further debinding or sintering processes. It was found that the transition temperature of
the powder is affected by the mixing temperature with the dehydrogenation occurring from 473
K.

Fused deposition modeling (FDM) is also an extrusion-based AM popular procedure that uses
thermoplastic filaments that can contain fillers for the 3D printing of functional parts [21].
Extrusion temperatures of typical thermoplastics do not go beyond 573 K (300 °C), being low
enough to preserve the properties of most of the FOPT magnetocaloric materials. The most
common thermoplastic for FDM is polylactic acid (PLA) with extrusion and printing
temperatures of ~ 473 K. We have recently shown that composite filaments fabricated using
PLA capsules filled with maraging steel particles as the feedstock for extrusion show very good
uniformity, both dimensionally and of particle concentration. At the same time, this procedure
helps us reduce the required extrusion temperatures with respect to pure PLA [22][23], which
could be a key for not reaching dehydrogenation temperatures of magnetocaloric powders.

In this work, PLA-based composite filament containing 55 wt.% of (La,Ce)(Fe,Mn,Si)i3-H
fillers has been manufactured through the novel encapsulation method presented in [22]. The
composite filament allows high resolution printings using a commercial desktop 3D printer. It is
shown that the isothermal entropy changes of the as-extruded and printed composites are
proportional to the amount of fillers contained, indicating that the fraction of 1:13 phase and
hydrogenation of the powder are intact after the whole fabrication process. Direct measurements
of the adiabatic temperature change show the influence of the polymer in reducing the total
temperature change of the composite due to the heat capacity of the polymer being different
(and larger) from that of the fillers.

2 Materials and methods

The initial raw materials for the extrusion are standard grade PLA pellets and heat treated and
hydrogenated  gas-atomized (La,Ce)(Fe,Mn,Si)i3>-H  powder  with  composition
Lag7Ceo3(Feo.s3sMnoo15Si0.1)13H provided by Aubert & Duval (France). The microstructural
characterization of the raw powder has been performed by scanning electron microscopy (SEM)
using a FEI Teneo microscope and by X-ray diffraction (XRD) using a D§ ADVANCE A25
diffractometer with Cu-Ka radiation. Figure 1 (a)-(b) show the SEM and XRD results of the
(La,Ce)(Fe,Mn,Si)13-H powder. The powder exhibits a wide range of particle sizes with
predominantly irregular shapes due to the decrepitation that the hydrogenation caused [24,25].
Further Rietveld refinement of the XRD pattern (Figure 1 (b)) shows a 5.4(6) wt. % of a-Fe
impurities in addition to the desired 1:13 phase. The a-Fe phase, with a Curie transition around
1050 K, will not contribute to the MCE in the vicinity of RT.
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Figure 1. (a) SEM micrograph and (b) XRD including its Rietveld refinement data of the raw
(La,Ce)(Fe,Mn,Si)13-H powder. (c) Schematic presentations and accompanying photos of the
feedstock and resulted composite filaments fabricated from conventional and (d) customized

feedstock methodologies. Images at the bottom of (c) and (d) corresponds to the cross-section of
the composite filaments manufactured by each of these methods.
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A novel methodology of fabricating high quality magnetic composite filaments with good
compositional control have been followed [22]. In contrast to the conventional way which uses
feedstock that mixes polymers with fillers as schematically presented in Figure 1 (c) and leads
to non-homogeneous composite filaments, our approach uses custom-made polymer capsules
filled with functional powder as the feedstock for the filament extrusion as shown in Figure 1
(d). Following this method, PLA capsules were printed using a Ultimaker S5 printer. They were
filled with the (La,Ce)(Fe,Mn,S1)i13-H powder with a nominal composition of 60 wt. %. The
composite filament of diameter of 1.75 mm was extruded using a single-screw extruder (3devo
NEXT 1.0 ADVANCED). It was necessary to lowering the temperatures of the 4 extruder
heaters by ~15 K with respect to those predefined for PLA. Otherwise, the composite filament
exits the nozzle in a highly fluid state that prevents spooling. This phenomenon is associated
with the lack of particle agglomerations and the “ball-bearing effect” [23]. With this
methodology, smooth and uniform magnetocaloric composite filament was obtained as
observed from the photos provided in Figure 1 (d). A Prusa i3 MK3S 3D printer was used for
testing the printability of the fabricated PLA+ (La,Ce)(Fe,Mn,Si):13-H composite filament. The
thermal behavior of the composite filament was characterized by thermogravimetry analysis
(TGA) using a TA Instruments Q600 thermobalance and by differential scanning calorimetry
(DSC) using a TA Instruments Q20 calorimeter.

The isothermal entropy change, AS;,,, was indirectly determined from isothermal magnetization
measurements using the Maxwell relation [1]. Measurements were performed with a LakeShore
7407 vibrating sample magnetometer (VSM) using a discontinuous measurement protocol [26—
29]. The temperature change of the samples was measured using a home-made device based on
infrared thermography. The base temperature was modified by passing a cooling fluid through a
sample holder onto which the sample is attached using a large thermal conductivity varnish. A
sinusoidal oscillating magnetic field between 0 and 0.75 T at 0.5 Hz was applied with an
electromagnet. The temperature changes of the sample were recorded using an infrared camera.
A lock-in technique [30] consisting in the detection of the temperature response of the sample at
the same frequency of the oscillating field is performed by numerical processing the
experimental data by multiplying it to the sinusoidal field and extracting the DC component of
the resulting signal. In this way, from a noise-equivalent temperature (NETD) of 140 mK



indicted by the manufacturer, the noise level in the lock-in processed response is reduced to 7
mK. As the field was continuously oscillated, only the reversible response of the sample, AT}y,
was detected via lock-in thermography.

3  Results and discussions

3.1 Thermal behavior of the filament

The TGA curves of the raw PLA and composite (Figure 2 (a)) present the latter with 55 wt. %
of (La,Ce)(Fe,Mn,Si)3-H upon the thermal decomposition of the PLA. The thermal degradation
of PLA significantly shifts to lower temperatures (around -100 K) with the addition of these
fillers. This has been observed for other PLA-based composites incorporating metallic fillers in
the literature [23][31], which is likely due to the capability of some metallic fillers for reducing
the activation energy related to the thermal degradation of the polymer [31].

Figure 2 (b) shows the DSC curves upon heating and cooling of the raw powder and composite
in the temperature region of the thermomagnetic transition of (La,Ce)(Fe,Mn,Si):3-H. The large
endothermic peak observed for the raw powder indicates the occurrence of the FOPT at RT.
This is also observed in the DSC curves of the composite although the peak is significantly
reduced. One reason for this difference is that the total mass of the composite sample, including
the mass of polymer, is accounted in the DSC curve. However, the latent heat due to the
thermomagnetic phase transition of the raw powder cannot be recovered simply by normalizing
the curve of the composite to the mass of (La,Ce)(Fe,Mn,Si)i3-H contained. The polymer, on
having a higher heat capacity than that of the fillers, results in the need for more heat per unit
mass in the composite with respect to that of the raw powder to attain the same temperature
change.
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Figure 2. (a) TGA and (b) DSC curves of raw (La,Ce)(Fe,Mn,Si)i3-H powder and
PLA + (La,Ce)(Fe,Mn,Si);3-H composite.

3.2 3D printing

Figure 3 (a) and (b) show the same “snowflake” design printed using a commercial PLA
filament and the manufactured PLA+ (La,Ce)(Fe,Mn,Si)i3-H filament, respectively. The
printing with PLA was done using the corresponding predefined 483 K (210 °C), while in the
case of the (La,Ce)(Fe,Mn,Si)3-H filament the printing temperature had to be lowered down to
455 K (182 °C). Otherwise, the (La,Ce)(Fe,Mn,Si)13-H filament exits the nozzle of the printer
with very high fluidity leading to poor resolution in the different printed layers when using the
printing temperature of PLA. The lowering of the manufacturing and printing temperatures is
positive as they are below the dehydrogenation threshold and also would require less energy,
which would be very relevant if the process is scaled to industry. It is expected that the lowered
extrusion temperatures would also have less effect on the properties of the functional fillers.



T
"

Figure 3. Printed objects using (a) PLA and (b) the PLA+(La,Ce)(Fe,Mn,Si)3-H composite
filaments.

3.3 Indirect magnetocaloric response

The AS;s,(T) curves upon heating and cooling of the (La,Ce)(Fe,Mn,Si)i3-H powder, as-
extruded composite and 3D-printed part are presented in Figure 4 (a). The heating and cooling
AS;iso(T) curves overlap one another for the as-extruded composite and 3D-printed samples.
Upon normalizing the results of composite samples with 55 wt. % of (La,Ce)(Fe,Mn,Si)13-H to
consider only the active MCE material (according to TGA results), their AS;,,(T) curves
overlap with those of the powder as observed in the inset of Figure 4 (a). The temperature
corresponding to the heating and cooling peaks are found at 289 K (also the same for the
composite samples), indicating a negligible thermal hysteresis for a field of 1.5 T. Therefore, the
filament manufacturing preserves both the amount of 1:13 phase and the hydrogenation of
(La,Ce)(Fe,Mn,Si)3-H fillers. Retaining the hydrogenation intact is especially challenging since
it could be lost due to the heating, which would lead to lowering the transition temperature of
La(Fe,Si)13 system to ~ 200 K.

The FOPT of the used (La,Ce)(Fe,Mn,Si)3-H powder has been identified by the criterion of the
overshoot of exponent n above 2 [32], as presented in Figure 4 (b). The overshoot feature is
clearly observed also for the composite samples, further confirming the retainment of the
properties of the powder after the whole manufacturing process. At the ferromagnetic region in
the low temperature range, the n values of the composite samples are slightly above the
theoretical n =1 due to the higher demagnetizing factor in comparison to the compacted powder
[33][34]. In the paramagnetic region after the phase transition, the exponent n is below the
theoretical value of n =2 for all the samples due to the influence of ferromagnetic o-Fe
impurities as found in the XRD analysis of Figure 1 (a).
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Figure 4. (a) AS;;,(T) and (b) n(T) for 1.5 T of (La,Ce)(Fe,Mn,Si);3-H powder (open
symbols), as-extruded composite (close symbols) and 3D-printed part (semi-close symbols).
Inset in (a) shows the effect of normalization with 55 wt. % filler on the AS;, (T) results of the
composite samples.

3.4 Direct magnetocaloric response

The AT, of a compact of the raw powders and a printed part using the composite filament are
presented in Figure 5. In agreement with the results of AS;,,, the MCE of the powders remains
after extrusion, with curves that have qualitatively the same shape. However, in contrast with
the AS;, (T) results, both curves do not become identical if they are normalized by the mass of
(La,Ce)(Fe,Mn,Si)i3-H: the ratio ATyey, composite/ ATrevpowder = 0.45, while the mass fraction
of powders is 0.55. This is because the total heat supplied by the MCE, T AS;,, is used in
changing the temperature of both phases in the case of the composite and the polymer has
higher heat capacity than the fillers. This agrees with the DSC results shown in Figure 2 (b),
where a decrease of the transformation peak and a rounding of it are observed. Therefore, the
way to obtain larger AT,..,, would be to decrease the heat capacity of the polymer (which implies
controlling the composition of this phase) and to decrease the fraction of polymer (which is
limited by the printability of the filament).
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Figure 5. IR-thermography figures of compacted (La,Ce)(Fe,Mn,Si);3-H powder and 3D printed
PLA+ (La,Ce)(Fe,Mn,Si)13-H samples.

4  Conclusions

A PLA-based magnetocaloric composite filament with 55 wt.% of (La,Ce)(Fe,Mn,Si)i3-H has
been manufactured using PLA capsules filled with (La,Ce)(Fe,Mn,Si)i3-H particles as the
feedstock for the extrusion. A 3D printed piece with similar printing resolution to that of pure
PLA is achieved with the composite filament once the printing conditions are optimized. The
composites show a AS;, proportional to the mass of fillers, showing that the fraction of the 1:13
phase and hydrogenation remain unaltered after all the fabrication processes. For this, the
reduction of extrusion temperature below the dehydrogenation temperature, achieved with our
original manufacturing process, is key. Lock-in infrared thermography shows a AT,..,, of 0.8 K
in a printed sample for 0.75 T. This response is 45% of that of the raw powder, highlighting the
contribution of the heat capacity of the polymer. We have shown that functional magnetocaloric
parts can be printed by FDM using composite filaments manufactured with our encapsulation
method, with potential improvement of functionality by controlling the heat capacity of the
polymer matrix.
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