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Fig. 1. Schematics of CCSO for magnetoelectric coupling of
CoFe2O4 and BaTiO3. The hot spot sintered intersection between
the two particles is shown.

Fig. 2. Product composition dependence on carbon concentration for the system CoFe2O4 -BaTiO3-n(C
+ O2) and adiabatic temperature of combustion with ni = 0.5 + 0.25i increments. Thermodynamic
calculations were performed with “Thermo” software. (L) represents the liquid phases in the system,
whereas other species are in solid or gas phase. Maximum sintering potential is determined at ~4.5 mol
C where more liquid phases are present.

 Thermodynamic analysis is critical to evaluate the energetic capacity of the system, predict the
adiabatic temperature and anticipate the condensed and liquid phase concentrations, which will
determine the particle sintering potential and combustion front propagation.

 Carbon combustion synthesis of oxides (CCSO) is a quick and energy efficient method for producing
matrix structure nanocomposites.

 The exothermic oxidation of carbon nanoparticles with a generates a self-propagating thermal wave with
peak temperatures of up to 1000 ◦C.

 The thermal front rapidly propagates through the mixture of solid reactants and results in localized hot-
spot sintering of magnetoelectric (ME) phases to form a nanocomposite structure.

 The individual electromagnetic properties of the materials (ferromagnetic CoFe2O4 and ferroelectric
BaTiO3) result into a ME coupling on cobalt ferrite–barium titanate ceramic composites after ignition.

 Reactants mixture contains
200 nm BaTiO3 and 30 nm
CoFe2O4 at equimolar ratios
with different concentrations
of Carbon Acetylene with
particle size of 5 nm.

 The reagents were mixed with
a roller ball milling for 3 h.

 The powder was placed on a
porous alumina substrate with
a feed line of oxygen from top
to bottom. Thermocouples at
top, center and bottom recorded
the temperature variation.

 Heat propagates downwards at
a velocity of 0.1-4 mm/s through
the solid mixture.

Fig. 3. (a) DSC-TGAs of BaTiO3 – CoFe2O4 - nC (n=4.5) mixture in air vs (b) mixture in Argon (Ar); (c)
DSCs of individual components under CCSO versus mixture all in Ar; (d) Arrhenius plot for the carbon
nanoparticles combustion (□), and BaTiO3–CoFe2O4- 4.5C system combustion (∆) at heating rates at 10–25
◦C/min.

HAADF - STEM

Fig. 4. Structure and composition of BaTiO3/CoFe2O4 agglomerates after combustion. (a) SEM image of the
agglomerate; (b) HAADF-STEM image of a cross-sectional FIB lamella (c) - HAADF-STEM image and STEM-
EDX mapping of the cross-sectional lamella. A Ba/Fe overlaid STEM-EDX map is also shown.

X-Ray Profile
 XRD suggests original structures are mostly preserved after

CCSO and carbon is not incorporated into the final product.
XRD peaks are sharper and more intense after combustion,
suggesting an increase in size and crystallinity.

Size BaTiO3 (nm) Size CoFe2O4 (nm)

Before 41.6 32.5

After 63 71.8
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Fig. 5. (a) X-Ray diffractions before and aftercombustion.
Both the initial and final products are comprised of
tetragonal BaTiO3 and cubic CoFe2O4 phases without
any trace of secondary and carbide phases in the

composites after combustion. (b) Crystallite sizes in the mixture before and after combustion were estimated
Using Scherrer’s Formula 𝑘𝑘𝜆𝜆

𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
where k= 0.94, λ = 1.54 Å, and 𝛽𝛽 is the average of the corrected FWMH in

radians of the peaks.

Magnetoelectric Characterization
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Fig. 6. (a) Temperature dependence of magnetization curves suggest that particles are of typical ferromagnetic
nature. (b) Shows that there is an an electric response of when a magnetic field to the material. This behavior
can be explained to the geometrical piezoelectricity of BaTiO3 where conducting lattices are in contact
allowing current to flow under the strain of the magnetic field. Further constriction results in decoupling of
the conducting lattices. (c) Shows the surface potential of the material when no magnetic field is applied, and
in (d) a 50 Oe field is applied and the surface potential decreases. This suggests rearrangement of the
magnetic domains in the prescence of a magnetic field having an effect in the electrical conductance of the
sample.

Conclusions
 This study proved feasible to synthesize a ferrite-ferroelectric system matrix structure with magnetoelectric

coupling by using CCSO with minimal damage to the initial structure of the materials. The determining
parameters for product synthesis are the carbon concentration in the reagent mixture and oxygen pressure.

 The thermodynamic calculations suggest that the mixture containing n=2-4.5 carbon can generate liquid phases
which will aid in the coupling of materials. The calorimetry data suggests that the n=4.5 carbon is highly
exothermic with 1430J/g energy release. The activation energy for the transition to liquid phases is at
112kJ/mol as denoted by the Arrhenius plot.

 STEM imaging of the cross-sectional FIB lamella shows the sintering of the particles in the system.

 The AFM measurements show that the particles under magnetic field become better electrical conductors. ZFC
and FC measurements shows that there is a magnetoelectric coupling, suggesting that multiferroic BaTiO3–
CoFe2O4 composite can be synthesized by CCSO. Magnetoelectric coupling is further confirmed by direct
measurement of the magnetoelectric coefficient of pallets formed from the CCSO product under application of
external magnetic field. The highest magnetoelectric coefficient observed was 0.14 mV/Oe-cm.
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