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Abstract

The ferromagnetic La, _,Sr,MnO; (LSMO) manganites are ideal materials for magneto-caloric applications due to their high
Curie temperature. Here, we prepare open-cell, porous LSMO foams starting from a commercial polyurethane (PU) foam
and commercial LSMO powder with x = 0.3. The cut PU foams are then covered by a slurry of LSMO powder mixed with
PVA and water, and then, the foams are subjected to a heat-treatment with two steps at 600 °C (burn-off organic material)
and 1200 °C (sintering/compacting). The resulting ceramic LSMO foams are then characterized by X-ray, SEM, electron
backscatter diffraction (EBSD) orientation mapping and magnetic measurements. The foam sample consists of randomly-
oriented LSMO grains with an average grain size of 188 nm, being distinctly smaller than bulk samples of the same com-
position, but considerably larger than LSMO nanowires prepared by electrospinning. The magnetic data reveal a high Curie
temperature like the bulk samples, and an entropy change, —AS,, slightly higher than that of the bulk samples, which points
to a strong influence of the LSMO grain size. Thus, the resulting LSMO foam material is well suited for magneto-caloric

applications at room temperature.
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1 Introduction

The perovskite-type manganites (generic formula A,_, B,
MnOy) offer several different functionalities, including the
colossal magneto-resistance (CMR) [1], which is interest-
ing for various sensor elements [2-5], and large magnetic
entropy changes [6, 7] at the Curie temperature, T, being
interesting e.g., for thermal storage as well as for magnetic
refrigeration [8, 9]. For magnetic refrigeration using the
magneto-caloric effect (MCE), the manganites have to com-
pete with several types of metallic compounds, see e.g., the
reviews by Gschneidner et al. [8], Gottschall et al. [10] and
Belo et al. [11]. Now, it is obvious that the different func-
tionalities may also require different shapes of the functional
material to achieve optimum performance, i.e., thin films
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and nanowires for magnetic sensor elements and bulks for
magnetic refrigeration.

Bulk ceramic materials of perovskite-type manganites
are polycrystalline materials, mechanically compacted
(pressure ~ 16 kN/cm?) to form dense pellets with 70-85%
theoretical density [12]. Thus, such materials are typically
quite heavy, difficult to be shaped, etc. For the design of a
magnetic refrigeration unit, the active material should have
an amount of porosity, which can be reached by material
processing (i.e., pores), but also by stacking platelets, ball-
shaped samples, and other combinations [13, 14]. All such
attempts require excessive work to obtain the final sample
configuration.

A way out of these problems is given by employing
porous bulk materials [15, 16]. The material aspects of
such materials were recently reviewed in [17, 18]. Among
these materials, the open-cell, ceramic foams, which can
be prepared by using polyurethane (PU) open-cell foams
as a base [19, 20], occupy a special place allowing an easy
fabrication process of large samples as well as additional
treatments like metallic underlayers [21] and additional
coating of the final products. This may play an important
role considering the chemical stability and corrosivity in
the practical use of magneto-caloric materials [13]. The
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porosity of the final material is defined by the PU foam
employed, and the functional ceramic is to be prepared as
powder with a given grain size, mixed up with an amount
of PVA to form a slurry, where the PU foam is covered
with [22-24]. After a final heat treatment to burn off the
organic compounds and to sinter/compact the ceramic
material, a functional ceramic foam can be obtained. The
open-cell foam structure provides several advantages like
optimized heat exchange (as the coolant can run through
the sample itself), low sample weight and the possibility
to straightforwardly upscale the sample size as well as to
prepare a large variety of sample shapes, e.g., by cutting
the PU foam material.

Such ceramic foams were already prepared as supercon-
ducting foams using the high-T, superconducting (HTSc)
material, YBaZCu3Oy (YBCO) [22-26]. With this type of
foam, the excellent cooling efficiency could directly be
demonstrated (see, e.g., the Supplementary Material of
Ref. [27]). Thus, it is only straightforward to use the gained
experience with the ceramic superconducting foams to pre-
pare ceramic, thermoelectric or magnetocaloric foam materi-
als as illustrated in Fig. 1. All these functionalities may profit
from the foam-type material via improved heat exchange. A
first step in this direction was already published by Salazar-
Munoz et al. in [28], but adding the LSMO particles into the
PU material itself.

For the magnetocaloric applications, we have chosen
the compound La,;_ Sr,MnO; (abbreviated: LSMO) with
x = 0.3, which is the most interesting composition for near
room-temperature refrigeration with its high 7~ of 360 K.
Employing various dopings, 7~ can be increased up to 377 K
[12, 29-32]. This material was already studied in different
sample shapes in earlier publications, in form of electrospun,
non-woven nanowire networks [33, 34] and as bulk samples
[12]; thus, a direct comparison of the resulting properties
becomes possible.

Fig.1 Scheme presenting
several types of functional
materials (thermomagnetic/
magnetocaloric, thermoelectric
and superconducting), where
the (nano-)porous or foam
structure may provide several
interesting benefits for applica-
tions, mainly by an improved
thermal exchange and weight/
material reduction

thermomagnetic
magnetocaloric
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In this contribution, we present the fabrication of the
first LSMO foams on the base of commercial PU foams, an
analysis of the microstructure by SEM (EBSD) and magnetic
measurements.

2 Experimental

Commercial LSMO powder of the type La,,St,;MnO;_;
(Cerpotech Norway, LSM-73). This material was prepared
using spray pyrolysis which gives a very fine, sub-micron,
and high quality powder in terms of homogeneity and
exact stoichiometry [35]. In the present experiment, small-
sized foams (10 X 10 X 10 mm?) enabling magnetic meas-
urements with the intact foam structure and larger ones
(20 X 20 x 30 mm?) intended for demonstrators were cut
from the large commercially available PU foam mats [36]
prior to the coating. Batches of the LSMO powder were
mixed with 2—5 wt% PVA as binder and water, the content of
which in the slurry was adjusted to about 17-20% according
to Ref. [24]. Furthermore, the slurry was stirred at ~ 70 °C
and maintained there before the coating [24]. Then, the
foams were dipped into this slurry and dried at room tem-
perature. This process was repeated up to 5 times in order to
obtain a thick coating of the foam struts. The coated foams
were then subjected to a heat treatment in a laboratory box
furnace. In a first stage, the polymers are burnt away by
slow heating at a rate of 50 K h™! to 600 °C and maintaining
there for 6 h. The following step is the sintering/compacting
of the LSMO material, which was performed at 1200 °C
(heating rate of 100 K h~!) and held there for 20 h. Finally,
the samples were cooled down to room temperature with a
rate of 100 K h!.

For the microstructure analysis, foam strut pieces were bro-
ken out from the demonstrator-type foams according to [25].
Sample surfaces intended for EBSD analysis were treated by

thermoelectric superconducting
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mechanical polishing with various SiO, grinding papers, fol-
lowed by mechanical polishing with diamond pastes (3 pm
down to 1/4 pm diamonds) using ethanol as lubricant. As final
step, the sample surface received a polishing treatment of the
surface by colloidal silica with 40 nm particles (Struers OP-S
solution) on the respective cloth. To clean up the surfaces, the
samples were subjected to ultrasound cleaning in a solution of
alcohol and acetone. More details on our sample surface prepa-
ration can be found in [37]. Low-angle (5°) Ar ion polishing
(5 keV, 5 min) was eventually applied to the sample surface
in order to enhance the resulting image quality (IQ) of the
Kikuchi patterns. This step mainly removes adhered particles
on the sample surface.

A Keyence VHX-5000 microscope [38] with large depth
of field and long observation distance (most images were
taken with 100x magnification) enabled to perform 3D
imaging and digital image processing/analysis. The images
were treated by the built-in analysis software for calibration
and size measurements. Additional image analysis (e.g., for
determining the powder grain size) was performed using
ImagelJ [39] and WSxM software [40]. Crystal structures
were drawn using the VESTA software [41].

SEM images were taken using a field emission scanning
electron microscope (JEOL 7600 F) and a JEOL 7000F SEM
microscope operating at 20 kV with a working distance of
10 mm. For EDX analysis, an EDAX ZAF system with a
SUTW sapphire detector was employed.

The EBSD orientation imaging was performed in a JEOL
7000F SEM microscope equipped with a TSL (TexSEM
Labs, UT [42]) analysis unit. The Kikuchi patterns were gen-
erated in reflection mode at a voltage of 15 kV with a work-
ing distance of 20 mm, and recorded using a DigiView cam-
era system. For the crystallographic orientation mapping, the
electron beam was scanned over a selected surface area and
the resulting Kikuchi patterns were captured, indexed and
analyzed automatically by the controlling computer. Various
such automated EBSD scans were carried out with step sizes
down to 10 nm, which requires excellent surface quality (i.e.,
corresponding to high image quality (IQ) values).

Magnetic measurements were performed with a Quantum
Design PPMS extraction magnetometer as well as a MPMS3
SQUID system (+ 7 T maximum field) [43]. The magnetic
field was applied perpendicular to the surface of the foam
strut and the field sweep rate in the case of the SQUID sys-
tem was 0.36 T/min.

3 Results and discussion

3.1 Microstructure

Figure 2 presents the X-ray and EDS data of the LSMO
samples in different preparation stages. In Fig. 2a, the X-ray

data of the commercial LSM-73 powder are shown (this data
set was provided by the manufacturer), together with the
indexation analogous to (b). The data demonstrate the purity
and homogeneity of the LSMO material as promised. In (b),
the X-ray data of the as-prepared LSMO foam are shown
in a wider 20-range. Also here, the material is chemically
pure as no additional peaks appear after the heat processing
treatment. The indexation was done using the JCPDS PDF-
card #51-0409 for the composition La, ;Sr; sMnO;, assuming
an rhombohedral crystal structure Pnma with a = 5.459 A
b =5.568 A and ¢ =7.709 A.

The X-ray line broadening of the reflections of (012),
(104), (202), (024), (122), (214), (208) and (128) were
employed to determine the average crystallite sizes of the
LSMO foam struts. For this purpose, we used the Scherrer’s
equation

D =KA/(fcos®), €Y

where A denotes the X-ray wavelength, K is a constant
and was taken as 0.89, © gives the diffraction angle and f
describes the full width at half maximum (FWHM) of each
X-ray peak.
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Fig.2 X-ray and EDS analysis of LSMO. a Gives the data of the as-
delivered LSM-73 powder. b Shows the x-ray data of the prepared
LSMO foam (indexation of the peaks was done using the JCPDS-file
#51-0409). ¢ Presents the EDS analysis of an LSMO foam strut
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Figure 3 presents SEM images of the commercial LSM-
73 powder, enabling an analysis of the LSMO grain size.
One can see that there are LSMO grains in form of plate-
lets, partly stacked together. An optical analysis of several
of these images using the software ImagelJ reveals a mean
grain size of 207 nm, which is considerably smaller than the
bulk materials studied in [12], but significantly larger than
that of the nanowires analyzed in [33, 34]. In order to cre-
ate an uniform particle distribution, an ultrasound treatment
analogous to the report in [44] will be useful, but was not
tried for the first test samples prepared here.

Figure 4a—c provide SEM images of the prepared
LSMO demonstrator foam. One can see the pore struc-
ture with open windows, which have sizes between 1 and
2 mm. Furthermore, some windows are closed which indi-
cates that the slurry of LSMO powder, PVA and water
could have been better optimized, which will be done in
further experiments. The most important finding is here
that the foam is consisting completely of LSMO, and
the PU/PVA has completely burned off during the heat
treatment. Using higher magnification (c), it gets obvious
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14+
g L
5 10|
g °r
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Grain size (nm)

Fig.3 a, b SEM images of the initial LSM-73 powder as obtained
from the manufacturer. a Magnification 2500%, b 50,000 X . From
various images like (b), an optical grain size analysis was performed
using ImageJ [39]. ¢ Grain size histogram for the LSM-73 powder,
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that the foam struts look different to the superconducting
foam materials prepared previously. The foam struts reveal
directly signs of the various LSMO grains, so in this sense
these LSMO foams are more similar to the Y,BaCuOj
(Y-211) foams prepared by Reddy et al. [24], which served
as base material for the production of superconducting
YBCO foams. In both cases, the foams consist of grains
which were compacted together during the heat treatment
with only minor changes of the grain size. In contrast,
during the infiltration-growth processing applied for the
preparation of YBCO foams, where a liquid phase has a
capillary flow along the entire foam structure, the sur-
faces of the YBCO foam struts are altered and are much
more homogeneous, showing also remnants of the mate-
rial flow on them as described in [45]. The yellow circle
in (c) marks a foam piece, which can be broken out for the
detailed microstructure analysis by EBSD or for magnetic
measurements, where a small-sized sample is required.
Finally, (d) presents a digital, 3D-optic image obtained
using the Keyence microscope and software. This image
reveals the detailed structure of a foam window (similar to

X
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together with a Gauss fit. The average grain size is about 207 nm.
d Grain size analysis from EBSD mappings of the LSMO foam,
together with a Gauss fit, only considering grains larger than 50 nm.
The average grain size determined is 188 nm
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Fig.4 a, b Two SEM images of the LSMO foam structure with
low magnification revealing the arrangement of the foam windows,
struts and ligaments. The figure reveals further that several windows
are closed by LSMO material. ¢ Presents broken-out pieces from
the large foam with higher magnification. Pieces as the one marked

one as marked by a yellow arrow), allowing to extract the
characteristic parameters according to Ref. [45].

In Fig. 5a—d, the results of EBSD orientation imaging
are presented. For this analysis, a broken-out foam strut was
employed as the sample surface must undergo a mechani-
cal polishing procedure (see Sect. 2), which is not possi-
ble with a complete foam structure. The recorded EBSD
Kikuchi patterns were indexed using the data set #470444
for LSMO with orthorhombic structure, but the c-axis
length was adapted according to PDF-card #51-0409. Fig-
ure 5a presents an inverse pole figure (IPF) mapping in
(001) direction, that is, perpendicular to the sample sur-
face. This map (1000 x 1000 pixels, step size 10 nm, aver-
age IQ = 960) shows the grain orientations according to
the stereographic triangle given below the figure. All the
LSMO grains detected by EBSD are randomly oriented as
visualized by the rainbow-like orientation colors, show-
ing high-angle grain boundaries (GBs) between the LSMO

by the dashed-yellow circle) can be used for further analysis of the
internal microstructure and for magnetic measurements. d Gives a
3D-optical image created using the Keyence digital microscope and
software for analysis of the foam parameters

grains as indicated by black lines in Fig. 5a. A large number
of high-angle GBs is obtained (2°-5°: 12.9% with a total
GB length of 3.04 pm, 5°-15°: 1%, 15°~180°: 86.2% with
a total GB length of 20.3 pm). To ensure the validity of the
results obtained, several such areas were mapped. Further-
more, there are no pores visible in the microstructure (i.e.,
all recorded Kikuchi patterns were indexed as LSMO) in this
sample area which indicates that the PU/PVA was well burnt
off during the heat treatment applied.

Figure 5b presents a grain size map in gray scale
(300 nm = white, 5 nm = black). Furthermore, one can see
several larger LSMO grains with sizes ranging between 100
and 300 nm, but also a large amount of tiny LSMO grains
with dimensions around 10-20 nm. Figure 5c presents the
inverse pole figure corresponding to the mapping of (a),
again indicating the random arrangement of the LSMO
grains. In total 5 such areas were mapped and the evaluated
grain size distribution is shown in Fig. 3d. Finally, Fig. 5d
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ERE

Fig.5 a—c EBSD orientation imaging. a is an inverse pole figure map
(1000 x 1000 pixels, step size 10 nm) in (001) orientation (perpen-
dicular to the sample surface) with the EBSD-detected GBs marked
by black lines. The color code for the grain orientations is given
below the map. b Represents a grain size mapping of the same area

presents an analysis of the grain shape aspect ratio, which
gives interesting extra information concerning the grain
growth. To obtain this ratio, the software places ellipses
(long axis a, short axis b) on the detected grains, and the
obtained axis lengths are then analyzed via the relation
8ar = b/a. The resulting g,. ranges between 0 and 1, with 1
indicating a = b. From the graph one can see that the larger
LSMO grains are represented by elongated ellipses. Two
large maxima in the graph are obtained at 0.55 and 0.65,
which indicates that about 30% of the grains are slightly
elongated. Overall, the grain shape aspect ratio distribution
found here is similar to the one of the LSMO nanowires
of Ref. [46], however, the present foam sample reveals the
presence of several large and very elongated LSMO grains,
which did not appear in the case of the LSMO nanowire
networks.

@ Springer
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in gray scale (300 nm = white, 5 nm = black). ¢ Shows the discrete
pole figure in (001)-direction, indicating the random orientation of
the LSMO grains. d is a grain shape aspect ratio plot (for details, see
the main text)

3.2 Magnetization data

For these measurements, broken-out foam struts from a
demonstrator-type foam sample were used due to the sam-
ple space limitations of the QD extraction magnetometer
employed.

In Fig. 6a, b, the magnetization M is shown as function
of temperature in the range 150 K < T < 400 K for an
applied magnetic field of 0.05 T (a) and 2 T (b). The data
for the LSMO foam are highlighted in orange (@). For
comparison, this plot presents the data of Ref. [12] for the
same LSMO composition with x = 0.3 (@) and two other
compositions, Laj4,Ca;3;MnO; (LCMO,¥) and Lag;
Ba;;MnO; (LBMO, 4). For both LSMO samples, the
transition is not yet completed at 7 = 400 K (the maximum
temperature realized in the equipment), when a magnetic
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Fig.6 a Magnetization M versus temperature, T at uyH = 0.05 T for
the LSMO foam (@) in the temperature range 150 K < 7 < 400 K)
and bulk materials of LSMO (@), LCMO (¥) and LBMO (4) from
Ref. [12] for comparison. The error bars indicate the variation of M
recorded for different LSMO foam struts. b M vs. T at an applied
magnetic field of y,H = 2 T for the same materials

field of 2 T was applied. Here, one can see the outstanding
position of LSMO with the highest Curie temperatures,
whereas LCMO reveals a much steeper transition, which
led consequently to a larger ASy;-value [12]. One must
note also that the LSMO foam data at 0.05 T are very simi-
lar to those of the bulk LSMO sample studied previously,
but at lower temperatures, the obtained magnetization is
somewhat higher for the LSMO foam. At 2 T applied mag-
netic field, the data for the LSMO foam are found to be
always higher than the corresponding bulk material. The
error bars indicate the variation of the magnetization of
about 3% found for different foam struts, broken-out of
various locations in the original foam sample. In Ref. [25],
we had found a strong variation of the superconducting
properties with the positions of the struts in the original
bulk foam sample, which is clearly not the case here. This
points to effects of the infiltration growth technique, which
is applied in the preparation of the YBCO foams, but not
required for the LSMO samples.

The magnetic entropy change —AS); is given by [47-49]
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Fig.7 —AS), versus temperature with 6(uyH) = 2 T. All data are for
various LSMO samples with x = 0.3, i.e., LSMO foam (@), LSMO
bulk (@) and LSMO nanowire networks (@). The error bars on the
LSMO foam data indicate the experimental variation when employ-
ing different foam struts. For comparison, the data for metallic Gd
(= = = =) of Ref. [12] are shown as well

ASy = ﬂO/OH [%]Hcm. 2)

For magnetization measurements performed at discrete
fields and temperature intervals, AS,, can be approximated
by writing [47-49]

(M; = My, )n

ASy|= ) AH————, 3
[a5ul = 2 A @
where M; and M, are the magnetization values measured
at a field H and at temperatures 7; and T;,, respectively.
Finally, the relative cooling power (RCP) can be expressed
as

RCP = |AST™| - 6Tpwims 4)

with ASP*™ denoting the maximum of the entropy change,
and 6Ty 1s the width of the peak at half maximum.
Figure 7 presents the calculated —AS,, for three different
types of LSMO material with x = 0.3. The LSMO foam is
again given as (@), the bulk LSMO as (@). For comparison,
data of LSMO nanowires (see, e.g., Ref. [34]) are given in
dark red (@). The data for the LSMO-foam and the -bulk are
quite similar to each other, with the foam data being always
higher in the entire temperature range. This is valid also
when considering the variation (error bars) caused by foam
struts broken out of different locations in the original foam.
The maximum of the peak is found at the same temperature
(378 K) and with nearly the same peak width, but |A‘S’T]\‘}[aX is

different, i.e.,1.96J kg~! K~! (LSMO bulk) and 2.4 T kg ™' K~
(LSMO foam). Remarkably, the data of the LSMO nanowire
network show a completely different behavior as compared
to the two bulks: The peak in —ASy(7) is found to be
extremely broad, yielding |ASy (nanowire)| > |ASy,(bulks)]
in the temperature range 200-325 K. The corresponding
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peak height located at 316.6 K is, however, much smaller
with [AST%| = 1.07 kg™ K", The data of metallic Gd from

Ref. [12] reveal that all recorded peak temperatures for the
LSMO compounds are well above 300 K and above the peak
temperature of Gd. As the 3 LSMO compounds differ mainly
in their grain sizes, this graph demonstrates the grain size of
the material has a strong influence on the resulting |ASM(T)|.

The calculation of RCP yields 112.8 J kg™ for the LSMO
foam and 88.2J kg™ for the LSMO bulk, being well in the
range as shown in Refs. [6, 7, 50, 51] and can be well com-
pared to various metallic materials [52], but at higher tem-
peratures well above room-temperature. Very remarkable is,
however, the RCP value for the LSMO nanowire network
with 111.2Jkg™!, which is due to the very broad peak in
|AS\(T)|. The clarification of this issue will be a topic of
subsequent work.

Regarding the data obtained for the LSMO foam, it is
clearly demonstrated that the achieved LSMO grain size in
the 100-nm range is beneficial for the resulting |ASy,(T)|.
Future experiments will try to optimize the preparation con-
ditions further, especially the viscosity of the coating slurry
as well as the applied temperature treatment. Via ultrasound
treatment of the starting powder material, the LSMO grain
size may further be optimized as well.

4 Conclusion

So, let us summarize here the present investigation. Open-
cell, porous LSMO foams with x = 0.3 were prepared on the
base of commercially available PU foams and commercial
LSMO powder. The microstructure analysis revealed that
these foams consist of randomly-oriented LSMO grains with
an average grain size of 188 nm, which is much larger com-
pared to LSMO nanowire networks, but smaller than that of
typical LSMO bulks. The grain size obtained for the LSMO
foams leads to a higher entropy change, —AS),, and a higher
RCP value as compared to the bulk LSMO samples, which
is a promising result for the development of LSMO foam
materials for magnetic cooling.
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