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Abstract

An on-going project is investigating novel materials such La2NiO4 for use as SOFC cathode materials. Owing to their more complex
electrochemical properties, these classes of materials have proven to be good electromagnetic susceptors and consequently are being processed
with microwave sintering. Finite element code has been developed for simulating the sintering of porous ceramic materials, and is capable
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f treating local microstructural features derived from the powder properties of the compact. The objective of the project is to
icrostructure based numerical simulation of heat uptake in a microwave field in order to explore suitable sintering processing con
arameter ranges. Specifically, field values of the compact density, particle size distribution and temperature can be traced over tim
article size distribution is a field variable, the simulation should prove to be a useful research tool for microstructure design throu
ompact sintering, for novel SOFC materials which have complex responses to microwave energy.
rown Copyright © 2005 Published by Elsevier Ltd. All rights reserved.
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. Introduction

A solid oxide fuel cell (SOFC) is an electrochemical de-
ice that converts the energy of a chemical reaction directly
nto electrical energy. With a solid electrolyte and high operat-
ng temperature, it offers many advantages over conventional
ower-generating systems in terms of efficiency, reliability,
odularity, fuel flexibility, and environmental friendliness.
Developing novel oxide materials with high mixed

onic-electronic conductivity is of considerable interest for
umerous applications such as SOFCs, high temperature gas
lectrolysis, sensors and ceramic membranes. Using mixed
onductors as electrode materials for SOCFs and other solid
lectrolyte cells leads, as a rule, to decreasing polariza-

ion losses due to an enlargement of the electrochemical
eaction zone.
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Planar perovskite-type lanthanum nickelate (La2NiO4)
has excellent transport and electrocatalytic properties:
electronic conductivity, significant oxygen ion mobility, a
noticeable electrochemical and catalytic activity in react
involving oxygen. Electromagnetic properties include sig
icant dielectric and magnetic losses,1,2 making it an interes
ing material for microwave sintering, and thus chosen a
compound to be modelled in this study.

2. Model formulation

2.1. Constitutive model for sintering

A constitutive model for sintering ceramic powders o
inally developed by Shinagawa and Hirashima3 is outlined
briefly below. Full details of the formulation are given el
where.4

The principal components of the sintering model ar
follows:
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An expression from Coble5 was employed as the basis for
sintering deformation under grain boundary diffusion:

ε̇ = 47�hDbσ

kTd3 = σ

3η
(1)

where� is the atomic volume,h is the width of the grain
boundary,Db is the grain boundary diffusion coefficient,k
is Boltzmann’s constant,T is the absolute temperature andd
is the grain size. From Eq.(1), a number of the parameters
can be lumped to giveη, the sintering viscosity, which can be
considered as a measure of a material’s resistance to sintering.

As given by Shinagawa,6 the constitutive equation for the
strain rateε̇ij, is,

ε̇ij = 1

2η

1

ρ2n−1

{
σ′
ij + δij

2

9f 2 (σm + σs)

}
(2)

Above,ρ is the relative density,σ′ is the deviatoric stress,σm
is the hydrostatic stress,σs is the sintering stress, andf andn
are empirical parameters.

This strain rate is related to the induced sintering stress,7

and the flow stress of powder particles during sintering can be
solved with a set of discretised equations by the finite element
method. The above equations drive deformation mechanisms
inducing sample densification.
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2.3. Microwave heating

The penetration of microwaves into materials gives rise to
a volumetrically distributed heat source. The process com-
bines the propagation and absorption of electromagnetic
waves in the ceramic material, heat transport within the body,
inducing changes to both macroscopic shape and microstruc-
tural morphology.11

Energy transfer in microwave-matter interactions can be
described by the generalized energy loss equation12:

PMW = 2π[ε0ε
′
R tanδ|E|2 + µ0µ

′
R tanφ|H |2] (6)

whereε0 andµ0 are dielectric permittivity and magnetic per-
meability of free space,ε′R andµ′

R are the real part of the
dielectric permittivity and magnetic permeability of the sam-
ple processed, tanδ and tanφ are the dielectric and magnetic
loss factor values, and|E| and|H | are the electric and mag-
netic field strength inside the sample. Although bothEandH
fields appear above, most research to date has not considered
the magnetic contribution. Dielectric and magnetic loss can
lead to thermal runaway and uneven heating in materials with
low thermal conductivity.

To obtain the temperature distribution in the sample at
each time step, the heat transport equation must be solved
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.2. Microstructural evolution

The local influence of powder distributions was incor
ated into the model with the relation,8

∂F

∂t
+ ∂

∂r

(
CGF

rn

(
1

rc
− 1

r

))
= 0 (3)

q.(3)enables each radiusr and its corresponding frequen
to be solved together in a marching algorithm tracking l

article size distribution evolution.
To account for all pair interactions throughout the en

article size distribution, the parameterη from Eq.(1) is ad-
usted according to,

PSD =
(∫ rL

rS

∫ rb
rS

η(ri, rb)F(ri)F(rb) dri drb∫ rL
rS

∫ rb
rS
F(ri)F(rb) dri drb

) (
CNAVG

CNPSD

)

(4)

boveCN refers to the coordination number of the pow
ack. The particle pair interaction term,

(ri, rb) = 8KE

r3.4725
i

r0.4725
b

(5)

s a modification of an original derivation by Pan et al4,9

qs.(4) and (5)are of relevance as the uptake of microw
nergy can be input as a function of local powder prope
0 Data suggest that microwave energy transfer may be a
inear function of the specific surface area of powder.
ith the appropriate boundary conditions. It incorporates
onversion of microwave energy to thermal energy, as
s thermal losses to the environment. For the 2D case
quation is:

ρc

kT

∂T

∂t
= ∂2T

∂x2 + ∂2T

∂y2 + PMW(x, y, t) −QR −QC (7)

herec is the heat capacity per unit volume,ρ the density,T
he temperature,t the time,k the thermal conductivity,PMW
he microwave power,QR the radiation heat transfer andQC

he convection heat transfer.
The electric field is assumed to decay (at a positiox)

ithin the sample according to:

= E0 exp

(−x
d

)
(8)

hered is the skin depth andE0 is the electric field in the un
oaded cavity, which is proportional to the microwave po
emporal profile.13 For a multimode microwave source,
agnetic field properties can be considered as equival

he electric field.14 The skin depth is related to the freque
f the microwave source and to the loss tangent throug

(T, ρ, f ) = 0.0675

f
√
ε′R
√√

1 + tan2 δ− 1
(9)

heQR andQC terms are detailed in.15
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3. Experimental

The particle size distribution of a La2NiO4 sample was
used as a basis for the powder properties of the structures.
The measured particle size distribution is shown at thet = 0
step inFig. 4. The powder had a specific surface area of
4.149 m2/g, determined by a spherical grain assumption in-
tegration. Powder size distributions were determined using
a Horiba model LA-920 Particle Size Analyzer, which is a
laser diffraction device.

4. Material parameters

For preliminary code validation, data from the literature
were found for alumina thermal properties across the rele-
vant temperature range.16,17. Other sintering parameters for
alumina and and all the data for silicon carbide were found
in.18

For La2NiO4 an extensive set of material properties over
a broad temperature range was required. In some cases, only
partial data was found, so estimates were made based on basic
trends observed in the K2NiF4 structural family, and compar-
ative tendencies between nickel and other metallic elements.
For cases where parameters were constructed from partial
sources, sample values are given below for temperatures of
3
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and to convective gas at 300 K, and the bottom surface
was considered insulated. The cavity surface temperature
was set to 353 K. The electrical field strength in the cavity
was calculated according to Metaxas and Meredith.28 The
convective heat transfer coefficient was set to 1.5 W/m2 K.
Initial fractional densities in the structures were set to 0.65,
and the initial temperature was set to 300 K. Based on
previous sintering simulation work, the sintering time step
was set to 60 s. The simulation then consisted of setting
the microwave power on, and tracing the heating and heat
transfer in the structure, which drove the densification and
grain coarsening mechanisms, over a period of 60 virtual
minutes.

6. Results and discussion

Some code verification work was performed to find a suit-
able time step for the heat uptake from the microwaves. Since
the calculated changes are rate driven, it was necessary to ar-
rive at a fine enough time step to ensure numerical stability.
For the microwave heating, a time step of 0.1 s was nested into
the 60 s sintering time step and gave time-temperature results
which closely matched heating curves for both alumina and
silicon carbide shown by Chatterjee et al.18

Next, properties for LaNiO were input to the simula-
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Thermal conductivity data have been published by P

nd George,19 and heat capacity data from Castro and Bu
ere used,20 (364.67, 488.47, 564.51; [J/kg K]). Radiat
eat transfer parameters were published by Tsaneva e21

0.930, 0.913, 0.767). Dielectric properties (ε: 12.74, 14.93
5.99), (tanδ: 5.953× 10−6, 1.814× 10−5, 2.013× 10−5)
ere taken from1,22,23, and magnetic properties (µ: 7.744×
05, 8.535× 103, 1.699× 102), (tanφ: 3.565, 0.138, 0.081
ere given in.2,24 Surface free energy data (2.01, 1.91, 1

J/m2]) were estimated based on papers from Aldén et al
5 and Read et al.26 TheDb function for sintering (2.467×
0−9 exp(−6400.0/T ) [m3/s]) was obtained from Kilner an
haw.27

A density value of 7070 kg/m3 was used, based on a cr
allographic calculation. Also from this calculation, a mol
lar volume of 9.4106× 10−29 m3 was determined.

. Simulation conditions

The simulation modelled microwave heating with
.45 GHz multimode source at a power output of 700 W
cavity volume of 10−3 m3, approximating a unit in ou

aboratories. The samples considered were flat discs, 1
n diameter and 4 mm in height, treated in two dimens
ith a central vertical symmetry plane. The rectangular fi
lement grid had 34 horizontal and 10 vertical eleme
oundary conditions were symmetry conditions on the
ide, the top and right sides were exposed to microw
2 4
ion. Fig. 1 shows the resulting heating curve. The tem
ture from the top left element of the structure was u
ere. Since the samples considered were quite small,
as minimal (less than 2 K) temperature variation in
tructure. A further reason for this is that with thin sa
les, the microwave penetration depth is sufficient to

he entire volume uniformly. The shape of the curve rou
orresponds to the temperature functionality of the loss
fficients. The final temperature reached after one hou
354 K, very similar to an estimate of 1100◦C observed ex
erimentally in our laboratories. Literature data from P
eerselvam and Rao29 shows a 300 W microwave bringin

he chemically similar, but less electromagnetically res
ive LaNiO3 together with an SiC susceptor to 1073 K
0 min, compared to 1151 K in the present study. The lo
urve inFig. 1shows output where the magnetic contribu
o heating was set to zero. The temperatures attained ar
uch lower, and in view of some experimentally obser

esults, it is clear that the magnetic loss is an essential
onent for modelling the microwave heating of lanthan
xides.

The time-temperature profile output inFig. 1 was used
s a basis to compare microwave sintering to convent
intering. A simulation was run using these temperat
s a boundary condition for the top and right surface

he disc, and allowing heat to be conducted into inte
egions. A number of studies have shown that the ac
ion energy for diffusion can be significantly decrease

microwave field30,31, so to demonstrate this effect, t
iffusion activation energy for the conventional heat c
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Fig. 1. Heating curves for La2NiO4 microwaved for 1 h.

was increased by 30%. In view of the above claims where
the activation energy was stated to have been reduced by
almost an order of magnitude, other studies have specifi-
cally investigated the mechanisms behind enhanced sinter-
ability in microwave fields. These studies suggest that much
of what is reported as an enhancement can be attributed to
imprecise temperature measurements, and suggest that the
actual benefit of the microwave field may be worth about
50 K.32,33

Fig. 2shows the densification rate of a microwaved sam-
ple, and one heated conventionally. The lower diffusion rates
produce the lower final density for the conventional case. The
comparison inFig. 2 is not really practical as conventional
ovens cannot be controlled well enough to follow the heating
curve so precisely.Fig. 3shows the effect of the densification
on the profiles of the structures after one hour of sintering.
The microwaved sample has a smaller final sintered size com-
pared to the conventionally heated sample, corresponding to
its higher density. Of further interest here is the calculation
in the left hand sample showing the result when the specific

Fig. 2. Densification curves for microwave and conventional sintering cases.

surface area factor for heat uptake is not considered. As the
sintering proceeds, grain growth occurs, thereby reducing
the heat uptake. Without this factor, a slightly higher final
temperature is reached as well as a slightly higher density
of 0.944, compared to 0.927. For the sample on the right
side, the magnetic loss contribution was not included, and
temperatures producing any degree of densification were
never reached.

Grain coarsening was also a feature of the simulation,
with particle size distributions being traced via Eq.(3). Fig. 4
shows the initial and final particle size distributions for the top
left element in the structure. Both microwaved and conven-
tionally heated samples are shown. For the non-microwaved
sample, the lower densification rates produce correspond-
ingly less grain growth. Larger grain sizes are less desir-
able for SOFC materials, but can be controlled to some
extent by the initial particle size distribution in the green
body.

under
Fig. 3. Shrinkage of discs
 various processing conditions.
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Fig. 4. Particle size distribution evolution during sintering.

7. Conclusions

The discussion above has demonstrated that a fairly com-
plete simulation has been assembled. The model takes into
consideration the sintering of a macroscopic porous ceramic
body, heated by microwave energy with both dielectric and
magnetic responses, which traces its the microstructural evo-
lution. The heat uptake is treated in a transport equation over
the body which conducts, convects and radiates heat.

Preliminary calculations have been made using the mode
compound La2NiO4 which has a complex microwave be-
haviour. The output is qualitatively sound and in the absence
of very precise material parameters, gives quantitative output
in quite correct ranges of measured data.

This simulation is thus poised to serve as a very useful
research tool for sintering operations connected to SOFC
electrode development. Since the simulation handles the
particle size distribution as a local field variable, microstruc-
ture control can be achieved by fine tuning power inputs
as well as judiciously preparing powders with distribution
qualities amenable to good sintered properties. Further use
are envisioned for defining processing tolerances in powder
compact properties to avoid defects, cracks and/or therma
runaway.
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