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Abstract: The magneto-thermoelectric generator (MTG)
converts wasted thermal energy into electrical energy in
two steps. The first step involves thermal to mechanical
energy conversion through balance of magnetic and elastic
forces and the second step involves mechanical to electrical
energy conversion through piezoelectric effect. The require-
ments for soft magnetic material in improving the efficiency
of first step were identified and met through the design of a
composite architecture. The Curie temperature of Lag_y
Sr,MnO; can be engineered to be near room temperature
by modifying the Sr content. Composite of La, g5S1g 1sMnO3
(LSMO) and Nig, ¢CugZng oFe;0, (NCZF) was found to exhi-
bit high saturation (M) and remnant (M,) magnetization
magnitude while maintaining the soft magnetic nature.
Two-step sintering was found to prevent the inter-diffusion
of LSMO and NCZF phases and provided high density with-
out grain growth. The LSMO-NCZF (70:30 wt%) composite
exhibited a large variation in Mg with respect to the change
in temperature near Curie temperature which meets the
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requirements for efficient operation of MTG. The fabri-
cated MTG using LSMO-NCZF (70:30 wt%) composite
reached 0.2 Hz operational frequency and generated elec-
trical output voltage of 2V,_, and peak power of 17 pW
under the thermal gradient of 80 °C (0°C/80 °C).

Keywords: magneto-thermoelectric generator, two-step
sintering, LSMO, NCZF, magnetic composite

Introduction

In last few decades, thermoelectric generators have been the
focus for converting thermal energy into electrical energy
(Priya and Inman 2009; Hicks and Dresselhaus 1993;
Terasaki, Sasago, and Uchinokura 1997; Chen etal. 2003;
Hsu et al. 2004; Hochbaum et al. 2008; Gaultois et al. 2010;
Shakouri 2011). The performance of thermoelectric device
depends upon the figure of merit of the material, ZT, where
Z is a measure of a material’s electrical and thermal proper-
ties and T is the absolute temperature. Most of bulk thermo-
electric materials show ZT values lower than 1 at room
temperature, although there has been report of ZT =~ 2.4 at
300K in thermoelectric thin film with superlattice structure
(Li etal. 2010; Venkatasubramanian et al. 2001). However,
thermoelectric devices even with these high ZT values
require large temperature gradient (Carnot’s efficiency is
related to difference in hot and cold side temperature) in
the material to achieve high output power. It is challenging
to preserve the large temperature differential within thermo-
electric devices because of the lack of thermal dissipation
and radiative losses. It is even more challenging to find
sustainable large temperature gradient in the surrounding
environment conducive for energy harvesting for wireless
sensors. Therefore, practical implementation of thermoelec-
tric devices near room temperature has been limited.

To overcome these problems of thermoelectric
devices, magneto-thermoelectric generator (MTG) concept
has been proposed which exploits the thermally induced
second order phase transition of soft magnetic material at
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their Curie temperature (T¢) (Ujihara, Carman, and Lee
2007; McCarthy, Marinero, and Fisher 2012; Joshi and
Priya 2013). The MTG is composed of two main parts; an
actuating part and heat exchanger. The actuating part
consists of a bimorph piezoelectric cantilever structure
(piezoelectric layers applied on both side of metal shim)
and a soft magnet which is placed at the end of the
cantilever as shown in Figure 1. The actuating part is
kept between the heat exchanger comprising of cold
sink and hot source as described in Figure 1. The hard
magnet is attached to the hot source and it attracts the
soft magnet mounted on the cantilever. At the beginning
of operation, soft magnet is attracted to the hard magnet
attached to the hot source. When the soft magnet is
heated above its T, it transitions into the paramagnetic
state and loses the attraction force. At that instant, the
elastic forces from the cantilever detaches it from the
hard magnet surface and returns it back towards the
cold sink. Upon contacting the cold surface, the soft
magnet again cools below T; and transforms into ferro-
magnetic state. Thus, it once again gets attracted towards
the hard magnet surface due to magnetic force of attrac-
tion. This continuous heat exchanging cycle repeats until
the hot source temperature is maintained above certain
threshold with respect to T¢ of the soft magnet. During
this continuous cycle, the soft magnet periodically oscil-
lates at a fixed frequency and the mechanical energy is
converted into electric energy through piezoelectric ele-
ments attached/deposited on the cantilever.

Piezoelectric
Cantilever

\

Figure 1: Schematic structure of MTG.

To efficiently operate the MTG, the fundamental chal-
lenge lies in synthesizing suitable soft magnetic materials
that exhibit high magnetization change at T¢. Further, the
soft magnetic material can be easily magnetized by the
external magnetic field. To operate MTG near room tem-
perature, the T; of soft magnetic material should be close
to the room temperature while maximizing the saturated
(M) and remnant (M,) magnetization with small coercive
field (H.). The magnetic force between the hard and soft
magnet (Figure 1(d)) can be expressed as (Joshi and Priya
2013):
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Here, p,,, = - V-M =volume (magnetic) charge density,
Omag =M =surface (magnetic) charge density. Thus, mag-
netic force is function of magnetization M and gradient of
magnetization V-M that in turn are function of tempera-
ture and temperature gradient respectively. The force in
z-direction, assuming temperature is uniform throughout
cross-section, can be determined as:

Wi +th
aMm
Fag(2) = —Aga J EBmag(Z)dz +Aga (M(wm +th) 2
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Equations [1] and [2] show that the gradient in magneti-
zation of the soft magnet along with the B-magnetic
field of hard magnet as function of distance z from the
surface are critical parameters. In this study, we engi-
neered the composite material architecture based upon
Lag. 5510 15sMn05; (LSMO) and Nig ¢Cug »Zng -Fe,0, (NCZF)
that is able to meet the above mentioned requirements
for continuous operation of MTG near room temperature.

Experimental Details

La-»S1,MnO; ceramics with composition 0.15<x<0.30
were prepared using high purity (>99 %) oxide precursors
through conventional solid-state reaction. These oxide
compounds La,0;, SrCO; and MnO, (Sigma-Aldrich,
St. Louis, USA, >99 %) were ball milled under high purity
ethanol for 24h in a nylon jar with zirconia balls as
milling media. After ball-milling, the slurry was dried
and calcined at 850 °C for 3 h. After calcination, the result-
ing powders were further ball milled for 24 h followed by
drying in an oven. The dried powders were sieved and
pressed uniaxially into cylindrical pellets followed by
sintering at 1,300°C for 2h. We synthesized Ni—-Cu-Zn
ferrite having composition of Ni, ¢Cug-Zng ,Fe,0, (NCZF)
using conventional solid-state reaction with NiO, CuO,
Zn0 and Fe,05 (Sigma-Aldrich, >99 %) as precursors. The
calcination and sintering temperatures for NCZF were
selected to be 750°C (5h) and 900 °C (2h), respectively.
The sintered NCZF powder was crushed and ball-milled for
48 h to achieve fine powder. In order to make LSMO-NCZF
magnetic composite system, different amounts of NCZF
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powder were mechanically mixed with the LSMO powder.
These mixed powders were uniaxially pressed into cylind-
rical pellets followed by isostatic pressing under 200 MPa.
The composite green pellets were sintered using two-step
heating method in order to prevent the inter diffusion of
LSMO and NCZF phases (Chen and Wang 2000; Wang
etal. 2006a). The LSMO-NCZF composite samples were
first heated at the rate of 10 °C/min up to 1,075 °C followed
by rapid cooling to a lower temperature of 1,025°C at the
rate of 200°C/min for isothermal sintering with a dwell
time of 8h. The phase formation and microstructure
of specimens was examined by X-ray diffraction (XRD,
Brucker, D8 Advance) and field-emission scanning elec-
tron microscopy (FESEM, LEO (Zeiss) 1550), respectively.
The composition of various specimens was investigated
through energy-dispersive spectroscopy (EDS). The mag-
netic domain configuration was observed using magnetic
force microscopy (MFM, Brucker, Dimension FastScan).
For quantifying magnetic properties, vibrating sample
magnetometer (VSM) attached to the evercool physical
property measurement system (PPMS, Quantum Design)
was used.

The two-step sintered soft magnetic material was
machined to rectangular shape of 8.7 x 5.4 x 0.4 mm’
dimension. To reduce surface thermal contact resistance,
a silver electrode was coated on both side of the soft
magnetic material. The fabricated soft magnetic material
was attached on a bimorph piezoelectric cantilever beam
using super glue as shown in Figure 7(b). The bimorph
piezoelectric cantilever consisted of 200 pum thickness pla-
tinized PVDF films (Kureha Inc.) assembled on 30 um steel
shim by double sided tape. In order to prevent voltage
cancelation, poling direction of PVDF films were opposite
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to each other. The testing set up for the hot source and
cold sink was designed using thermoelectric modules as
heater and cooler. Cooling fan was added on cold-side to
maintain the temperature steady. Neodymium (Nd) based
permanent magnet was attached on the hot-side using
conductive silver epoxy for efficient heat transfer. The
moving part of the piezoelectric cantilever beam was
fixed between thermoelectric heater and cooler. The gap
distance between cold-side and the hard magnet was
fixed at 6mm. The operation test of MTG using the
LSMO-NCZF composite was conducted using experimental
set-up shown in Figure 7(a).

Results and Discussion

Figure 2(a) shows the temperature-dependent magnetiza-
tion of Lag_»Sr,MnO; ceramics in terms of strontium
content (x) variation from 0.15 to 0.30. The magnetization
curves were measured after field cooling at 100 Oe. The
Tc was derived from the M-T curves by determining the
intersection on the T-axis by the tangent at the inflexion
point. The T; of Lap_,»Sr,MnOs; ceramics gradually
increased from 310K to 370K with increase of strontium
content (x). The variation of the T in perovskite lantha-
num manganite is directly related to concentration of
tetravalent manganese ion (Mn**) in the lattice (Jonker
and Van Santen 1950). This can be attributed to the fact
that Mn** ions can improve the double-exchange (DE)
interaction (Zener 1951; Anderson and Hasegawa 1955; De
Gennes 1960) between heterovalent ion (Mn>*, Mn*™*)
neighbors in the manganite lattice (Ramirez 1997). The
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Figure 2: (a) Field-cooled (FC) temperature-dependent magnetization of Lau.SrsMnOs in the 0.15 < x < 0.30 strontium content range with applied
field of 100 Oe. The inset shows magnetization vs. applied magnetic field (M-H hysteresis curves) data of Lag g55ro.1;Mn0O5 at various
temperatures. (b) M-H hysteresis curves of Lag_»Sr,MnOs with variation of Sr content at 250 K. The inset shows zoomed view of hysteresis curves.
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increased exchange interaction could elevate binding
force between the magnetic ions and consequently the
Tc. According to Jonker and Van Santen (1950), the
amount of Mn** in Lay_nSr,MnO; ceramics can be
increased by increasing the La* substitution on Sr**
site up to about 35% Sr when fired in air atmosphere
(Jonker and Van Santen 1950). In case of more than 35%
Sr content, it is possible to obtain higher concentration of
Mn*" by firing in pure oxygen atmosphere. Thus, the T
of La_»S1,MnO3 system can be engineered through con-
trol of Sr content and sintering atmosphere as shown by
our results which is consistent with the previous studies.

Figure 2(b) shows the isothermal magnetization
hysteresis with variation of Sr content (x) in Lag_,)St,MnOs
at 250K. The value of saturation magnetization (M)
was increased from 6 emu/g (for x=0.15) to 8.4 emu/g (for
x =0.30) with increasing Sr ratio. The increased value of M
can be attributed to the increased exchange interaction
owing to the increased Mn** ion concentration (Jonker
and Van Santen 1950). As shown in inset of Figure 2(b), all
M-H curves exhibited clear hysteresis behavior at low
applied magnetic fields with coercive fields (H.) of 27.5,
29, 30 and 350e and remnant magnetization (M,) values
of 0.49, 0.63, 0.75 and 0.90 emu/g for La_,)St,MnO; with
x=0.15, 0.20, 0.25 and 0.30, respectively. These moderately
low values of H. and M, are typical characteristics of a soft
magnetic material. However, the Mg and M, values of Lag_y,
Sr,MnO; system were low and needed new approach to
achieve the desired range for their applications in MTG.

The relative materials performance index (PI) for
MTG can be defined by following equation,

Ms, Tc — Ms, Tl)

N
Pt .

where T, is Curie temperature, T; is applied temperature
gradient for MTG, M;, 7. is saturated magnetization under
constant magnetic field at Tc and M;, 1, is saturated magne-
tization under constant magnetic field at T;. The inset of
Figure 2(a) shows the isothermal magnetization of
Lag g5519.15Mn0; composition at several temperatures. The
PI of Lag _g5St 1sMnO5 was found to be 0.116 emu/g-K under
5 kOe, calculated using the saturated magnetization value
change from 250 K (ferromagnetic state) to 300 K (paramag-
netic state). For successful operation of MTG, this value for
the soft magnet should be improved significantly.

In order to achieve large Mg and M, while maintain-
ing soft magnetic nature, we engineered bulk composite
of LSMO soft magnetic material with NCZF hard magnetic
material. The LSMO composition has been chosen for the
base matrix of magnetic composite due to its Tc close to
room temperature. The NCZF powder was mechanically
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mixed with the LSMO powder in different weight ratios. It
was found that if the compact of LSMO and NCZF mixture
are sintered using normal heating schedule (1,200 °C for
2h sintering, heating rate 5°C/min) the manganese ele-
ment in LSMO diffused into the NCZF phase as shown in
EDS mapping images of Figure S1 (Supplementary
Materials). As a result of this diffusion, the Tc was sig-
nificantly decreased and magnetic properties also
declined as shown in M-T curves of Figure S2
(Supplementary Materials). In order to maintain discrete
phases of LSMO and NCZF in this composite system, we
adopted two-step sintering approach (Chen and Wang
2000; Wang etal. 2006a). The two-step sintering sup-
presses the grain-boundary migration while keeping the
grain boundary diffusion active. Therefore, through the
two-step sintering, the inter-granular diffusion and grain
growth can be suppressed while achieving higher pack-
ing density.

Figure 3(a) and (b) show the X-ray diffraction (XRD)
patterns of pure LSMO and NCZF ceramics sintered at
1,300 °C and 950 °C for 2h, respectively. The data shows
that the homogeneous LSMO and NCZF phases were
formed without any secondary phase. Figure 3(c)-(e)
shows XRD patterns of LSMO-NCZF magnetic composites
with different weight % of NCZF sintered using the
two-step firing schedule, i. e., fired at 1,075°C for short
duration and then sintered at 1,025 °C for 8 h. The inten-
sity of XRD peaks was found to increase gradually with
the increase of NCZF content. The peaks for LSMO and
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Figure 3: XRD patterns of (a) Nig.¢CugZng.oFe,04,

(b) Lag.g5Sr0.15Mn0s, () 90 wt. %LSMO-10 wt. %NCZF, (d) 80 wt. %
LSMO-20 wt.NCZF, and (e) 70 wt. %LSMO-30 wt. %NCZF magnetic
composites sintered by two-step schedule (1,075°C=>1,025°C
for 8 h).
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NCZF phases in composites were distinct and no impurity
phases were detected, which is clear evidence that inter-
diffusion of LSMO and NCZF phases did not occur and
high quality two phase ceramic composites were realized.

The SEM image of the surfaces of composite with 30
wt.% NCZF composition sintered by two-step schedule
(1,075°C, 1,025°C for 8h) is shown in Figure 4(a).
Figure 4(b) shows an electron backscatter diffraction
(EBSD) image of the morphology. A highly dense micro-
structure was formed and 96.7% relative density was
achieved by two-step sintering. The grain growth was
suppressed by avoiding the grain boundary migration in
the two-step sintering process. The relatively inhomoge-
neous size of grains might be attributed to the different
size of initial powders of LSMO and NCZF. NCZF phase
possessed larger grains than the LSMO as illustrated

) -
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Al Fracture Surface'
WAG: 25Dk V: 206V WO 07
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§E MAG: 25.0Kx HY: 20k¥ WO: 107mm

Figure 4: Two-step sintered LSMO-NCZF (70:30 wt. %) magnetic
composite (@) SEM image, (b) EBSD image, (c) EDS mapping image
for Fe and Mn elements, (d) EDS mapping image for Mn element and
(e) EDS mapping image for Fe element.
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in Figure 4(a) and (b). In the second step of sintering
process, there is not much change in the microstructure
except for the reduction of porosity, because the grain
boundary network is frozen. Therefore, the second step is
important to achieve densification of the frozen micro-
structure. The normalized densification rate can be
expressed as (Wang, Chen, and Chen 2006b):

3sVéD

d

ot~
where, sis surface energy, t is the time, kg is the
Boltzmann constant, T is the absolute temperature, V is
the atomic volume, L is the mean grain size, § is the
grain boundary width, D is the grain boundary diffusiv-
ity, M(p) is unspecified function of density (Wang, Chen,
and Chen 2006b). To confirm the absence of the Mn
diffusion from LSMO to NCZF phase, energy-dispersive
spectroscopy (EDS) mapping was conducted on the
two-step sintered LSMO-NCZF (70:30 wt.%) composite.
Figure 4(c)-(e) show EDS mapping images for represen-
tative elements, Mn and Fe, in each phase. Both elements
were homogeneously distributed over the entire surface
of the specimen, as shown in Figure 4(d) and (e).
However, the spatial arrangement of Mn and Fe elements
was almost separated from each other as can be seen in
Figure 4(c). The relatively ambiguous boundary of Mn
and Fe elements in EDS mapping image could be attrib-
uted to the fact that the size of most grains (~ 200 nm) are
smaller than the minimum useful detection spot size
(~ 2pm) of EDS as shown in the electron backscatter
diffraction (EBSD) image of Figure 4(b). The separate
distribution of Mn and Fe elements confirms that LSMO
and NCZF phases were preserved during the sintering
process. By employing a two-step sintering process, we
achieved a dense microstructure and fine grains without
inter diffusion in two phase ceramic composite system.
In order to understand the magnetic domain and phase
configuration of LSMO-NCZF composite, magnetic force
microscopy (MFM) was conducted. MFM was performed
below Curie temperature (at 290 K) of specimens to check
the magnetic properties in ferromagnetic state. Figure 5(a)
and (b) shows the topographic and magnetic phase images
of two-step sintered 30 wt% NCZF magnetic composite,
respectively. As shown in Figure 5(a) and (b), clear grain
boundaries were observed and each phase had discrete and
separated grains. As can be seen in Figure 5(b), the magnetic
grains and clusters were clearly visible, however, the mag-
netic domains were not resolved owing to the discontinuous
magnetic grain ordering in the lattice. The NCZF grains
showed quite different contrast compared with LSMO grains
because the NCZF grains with hard magnetic nature have
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Figure 5: (a) Topographic and (b) MFM
magnetic phase images of two-step
sintered LSMO-NCZF (70:30 wt. %)
magnetic composite.

higher magnetization. It can be assumed that the NCZF two-step sintered magnetic composite with 30 wt. %
grains influence the LSMO matrix with soft magnetic proper- NCZF composition. The zero field-cooled (ZFC) curve
ties by modulating the domain structure and magnetic was measured after cooling the specimen from 350K
response of the overall composite. down to 5K without applying magnetic field. The field-

Figure 6(a) shows the temperature dependence of the cooled (FC) curve was obtained after initially cooling the
magnetization (M-T) curves for the mixed powder and specimen with an applied field of H=5000e and then
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Figure 6: (@) The M-T curves of mixed powder and two-step sintered magnetic composite with LSMO-NCZF (70:30 wt. %) composition.

(b) The M-H hysteresis curves of two-step sintered LSMO-NCZF (70:30 wt. %) magnetic composites with variation of temperature. Inset is
zoomed view of hysteresis curves. (c) The M-H hysteresis curve of gadolinium (Gd) foil. Inset is the M-T curves of Gd foil with variation of
temperature.
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measured on heating. The ZFC and FC curves of the
mixed powder and two-step sintered composite started
to separate below 260 K, which indicates an irreversibil-
ity associated with the presence of magnetically disor-
dered clusters in the lattice (Dorr 2006). The phase
transition from paramagnetic to ferromagnetic phase
was observed at Tc of 300K in both cases. The Tc was
reduced by 10 K compared to the pure LSMO which might
be attributed to the presence of NCZF causing changes in
the defect chemistry. The similarity of the temperature
dependence of magnetic response in the composite and
the mixture in Figure 6(a), indicates that the enhance-
ment of magnetization comes from densification of the
mixture. It is important to note that the magnetic nature
of the mixture did not change after sintering and mainly
densification was involved in the improvement of
magnetization.

(b)

Thermoelectric
eater
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cantilever
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Figure 6(b) shows the M-H hysteresis curves for
the two-step sintered 30 wt.% NCZF composite (with
LSMO) at different temperatures. As shown in the inset
of Figure 6(b), all isothermal magnetization loops showed
clear hysteretic characteristics with soft magnetic nature
at various temperatures. In particular, it is interesting to
note that the curves above the Tc (300K~) had a weak
hysteretic characteristic, which may be attributed to the
hard magnetic nature of NCZF phase existing in the matrix
even though the LSMO Ilattice is in the paramagnetic state.
Because of this reason, we could not increase NCZF con-
tent more than 30 %. The increasing hard magnetic nature
above Tc will be problematic in operation of MTG as net
gradient in magnetization is small resulting in incomplete
detachment of the soft magnet from the hot-side magnet. It
can be seen from the M-H curve at 250 K that the M, and Mg
values of the composite significantly improved to 9.6 emu/g

© (d
. —~ 2.2
2] Paraggaagenetlc E
]
14 <
5]
>
-3 £ 20
= z
S o £
- _g 1.9
2 s
& 14 S
= 2 18
° L] | E
7 ; g 1.7
Fel’l’osltnaatgnetlc = .
T T T T T T T T T T H
8 6 4 2 0 2 4 6 8 10 12 280

Time (sec)

T T T T T T T
300 320 340 360 380 400 420 440

Temperature (K)

Figure 7: (@) MTG operation test set-up for the soft magnetic material. (b) Bimorph piezoelectric cantilever beam with LSMO-NCZF
(70:30 wt. %) soft magnetic material developed in this study. (c) Generated output voltage by MTG using the LSMO-NCZF (70:30 wt. %)
magnetic composite under 80 °C temperature gradient (0°C/80°C) (d) Thermal conductivity of two-step sintered LSMO-NCZF (70:30 wt. %)

magnetic composites as function of temperature.
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and 47emu/g in comparison to that of 0.49emu/g and
6emu/g for pure-LSMO, respectively. On the other hand,
the H. value was only moderately increased from 27.5Oe
(for LSMO) to 178 Oe (for LSMO-30 wt% NCZF composite)
owing to the hard magnetic nature of the NCZF. This can be
explained by noticing that the overall magnetic response is
average of the individual contributions from LSMO and
NCZF phase proportional to their volume fraction (Kneller
and Hawig 1991). The PI value estimated for the composite
having 30 wt. % NCZF, considering Mg change in the range
of 250 K-300K (Figure 6(b)), was increased to 0.552emu/
g-K (at 5kOe) in comparison with that of pure LSMO
(0.116 emu/g-K). This value is still lower than 0.786 emu/
g-K (at 5k0e) of P.I. obtained for gadolinium (Gd) foil from
M-H hysteresis curves in Figure 6(c). However, the LSMO-
NCZF composites have advantage of tunable Curie tempera-
ture depending on the operation temperature with relative
large P.1. value. This tunability is desired and makes LSMO-
NCZF composite a potential candidate for soft magnetic
materials in MTG.

Figure 7(a) shows the operation test set-up for MTG
with a cantilever beam structure. The hot source and heat
sink were created by using thermoelectric module.
A cooling fan was attached under thermoelectric module
to maintain continuous cooling condition. The soft mag-
net was attached at the end of bimorph PVDF cantilever
beam as shown in Figure 7(b) and placed between hot
and cold side. After applying electric field to thermoelec-
tric module, the temperature gradient (AT) was induced
and maintained at 80°C (0°C/80°C). The gap distance
between cold-side and hot-side hard magnet was main-
tained at 6 mm. In Figure 7(c), lower inset image, shows
the ferromagnetic state of the soft magnetic material
below its Curie temperature when it is attracted to the
hot-side of the permanent magnet. Figure 7(c) upper inset
image shows the paramagnetic state of soft magnet when
it was detached from the permanent magnet and pulled
towards the heat sink after losing magnetic force of
attraction. This cycle of attraction and detachment was
repeated by continuous ferromagnetic and paramagnetic
phase change of the soft magnet at its Curie temperature.
Figure 7(c) shows the generated output voltage at
AT=80°C in MTG. The generated output voltage was
approximately 2 Vp_p and the attraction to the magnet
showed a larger output voltage than detachment. This is
due to the higher attraction force by the magnet as com-
pared to the releasing force by the cantilever. The gener-
ated maximum peak power was 17uW at 1MQ. The
operational frequency of the soft magnetic material was
around 0.2Hz. Thermal conductivity of soft magnetic
composite as a function of temperature is shown in
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Figure 7 (d). From this data, it can be seen that thermal
conductivity at Curie temperature (300 K) was low, on the
order of 1.75 W/(m-K). The measured thermal conductivity
increased with increasing temperature but was still lower
than 8.0 W/(m-K) achieved for Gd metal at 300 K. In our
future studies, higher thermal conducting material such
as carbon nanotube or graphene will be incorporated
inside the matrix of the magnetic material to enhance
the overall thermal conductivity.

Conclusion

In summary, we have developed a soft magnetic composite
that meets the requirement of magneto-thermal generator.
The Lag_,»Sr,MnOs system where Tc can be modulated
through varying Sr content (x) was modified with NCZF
hard magnetic material for improving the Mg and M, values
while retaining its soft magnetic nature. The LSMO-NCZF
ceramic composite was fabricated by two-step sintering in
order to obtain full density without inter-phase diffusion.
The structural, morphological, and compositional analysis
indicated that the completely separated LSMO and NCZF
grains with grain size below 200 nm were well developed.
The LSMO-NCZF composite with 70:30 wt% ratio, exhibited
significantly large variation in the saturated magnetization
as a function of temperature change near its Tc. The fabri-
cated MTG using this LSMO-NCZF composite showed 0.2 Hz
operation frequency and generated maximum outputs of 2
Vp_p of output voltage and 17 pyW of peak power under the
thermal gradient of 80 °C.
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