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Abstract

An on-going project is investigating novel materials suchNi®, 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 process
with microwave sintering. Finite element code has been developed for simulating the sintering of porous ceramic materials, and is capable
of treating local microstructural features derived from the powder properties of the compact. The objective of the project is to develop a
microstructure based numerical simulation of heat uptake in a microwave field in order to explore suitable sintering processing conditions and
parameter ranges. Specifically, field values of the compact density, particle size distribution and temperature can be traced over time. Since the
particle size distribution is a field variable, the simulation should prove to be a useful research tool for microstructure design through powder
compact sintering, for novel SOFC materials which have complex responses to microwave energy.

Crown Copyright © 2005 Published by Elsevier Ltd. All rights reserved.
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1. Introduction Planar perovskite-type lanthanum nickelate J(\NeD4)
has excellent transport and electrocatalytic properties: high

A solid oxide fuel cell (SOFC) is an electrochemical de- electronic conductivity, significant oxygen ion mobility, and
vice that converts the energy of a chemical reaction directly noticeable electrochemical and catalytic activity in reactions
into electrical energy. With a solid electrolyte and high operat- involving oxygen. Electromagnetic properties include signif-
ing temperature, it offers many advantages over conventionalicant dielectric and magnetic lossedmaking it an interest-
power-generating systems in terms of efficiency, reliability, ing material for microwave sintering, and thus chosen as the
modularity, fuel flexibility, and environmental friendliness.  compound to be modelled in this study.

Developing novel oxide materials with high mixed
ionic-electronic conductivity is of considerable interest for
numerous applications such as SOFCs, high temperature gas
electrolysis, sensors and ceramic membranes. Using mixedz'
conductors as electrode materials for SOCFs and other solid o .
electrolyte cells leads, as a rule, to decreasing polariza-z'l' Constitutive model for sintering
tion losses due to an enlargement of the electrochemical
reaction zone.

Model formulation

A constitutive model for sintering ceramic powders orig-
inally developed by Shinagawa and Hirashihis outlined
* NRCC No. 47846. Presented at Electroceramics IX, Cherbourg, France, briefly below. Full details of the formulation are given else-

4
May 31-June 3, 2004. where:
* Corresponding author. Tel.: +1 613 993 6848; fax: +1 613 991 2384 The principal components of the sintering model are as
E-mail addressken.darcovich@nrc-cnre.ge.ca (K. Darcovich). follows:
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An expression from CobRawas employed as the basis for 2.3. Microwave heating

sintering deformation under grain boundary diffusion:
The penetration of microwaves into materials gives rise to
L 47QhDyo _9 1) a volumetrically distributed heat source. The process com-
kTd3 3n 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'!
Energy transfer in microwave-matter interactions can be

described by the generalized energy loss equétion

whereQ is the atomic volumeh is the width of the grain
boundary,Dy, is the grain boundary diffusion coefficierk,
is Boltzmann’s constant, is the absolute temperature asd
is the grain size. From Eq1), a number of the parameters
can be lumped to give, the sintering viscosity, which can be
considered as a measure of amaterial’s resistance to sintering. , ) , )

As given by Shinagawf the constitutive equation forthe ~ PMw = 27t[€oeg tand| E|” + pojuy tang| H|7] (6)
strain rates;;, is,

whereeg andug are dielectric permittivity and magnetic per-
_ Zi 2:_1 { ol + 8 iz( o+ GS)} @) meability of free spaces, and 1, are the real part of the
n p 9f dielectric permittivity and magnetic permeability of the sam-

) ) o . ple processed, tahand tanp are the dielectric and magnetic
Above, p is the relative densityy’ is the deviatoric stress;, loss factor values, anidZ| and|H| are the electric and mag-
is the hygl_rostatic stress, is the sintering stress, afidndn netic field strength inside the sample. Although bBtndH
are empirical parameters. fields appear above, most research to date has not considered

This strain rate is related to the induced sintering stfess, o magnetic contribution. Dielectric and magnetic loss can
and the flow stress of powder particles during sintering can be lead to thermal runaway and uneven heating in materials with
solved with a set of discretised equations by the finite elementbW thermal conductivity.

_meth(_)d.The above eq_u_atio_ns drive deformation mechanisms To obtain the temperature distribution in the sample at
inducing sample densification.

8,'/'

each time step, the heat transport equation must be solved
with the appropriate boundary conditions. Itincorporates the
2.2. Microstructural evolution conversion of microwave energy to thermal energy, as well
as thermal losses to the environment. For the 2D case, this
The local influence of powder distributions was incorpo- equation is:
rated into the model with the relatich,

2 2
F 0 (CeF (1 1 pe o 0T T Ne On— 7
8l‘+8r< . <n - r>> =0 ©) Pl e Mw(x, y,1) — Or — Qc  (7)

Eq.(3) enables each radiusind its corresponding frequency  wherec is the heat capacity per unit volumethe densityT
Fto be solved together in amarching algorithmtracking local the temperature,the timek the thermal conductivityPuw

particle size distribution evolution. the microwave power)  the radiation heat transfer aiti
To account for all pair interactions throughout the entire the convection heat transfer.
particle size distribution, the parametgfrom Eq.(1) is ad- The electric field is assumed to decay (at a positpn
justed according to, within the sample according to:
(S 0, ) FO)F ) dri iy (CNAVG ) —x
NPSD = frfSL frrsb F(ri)F(rp) dr; drp, Chpsp E = Egexp <d> (8)

4

® whered s the skin depth anfiy is the electric field in the un-
Above Cy refers to the coordination number of the powder loaded cavity, which is proportional to the microwave power
pack. The particle pair interaction term, temporal profile’® For a multimode microwave source, the
magnetic field properties can be considered as equivalent to
the electric field* The skin depth is related to the frequency
of the microwave source and to the loss tangent through:

/34725
W(Vi,’”b)ZSKEW (5)

is a modification of an original derivation by Pan et*dl. 0.0675
Egs.(4) and (5)are of relevance as the uptake of microwave d(7, p, f) =
energy can be input as a function of local powder properties. fVeERVVI+tars—1
10 pata suggest that microwave energy transfer may be a near

linear function of the specific surface area of powder. The Ok and Q¢ terms are detailed if°

(9)
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3. Experimental and to convective gas at 300K, and the bottom surface
was considered insulated. The cavity surface temperature
The particle size distribution of a kAiO4 sample was  was set to 353 K. The electrical field strength in the cavity
used as a basis for the powder properties of the structureswas calculated according to Metaxas and Merefthe
The measured particle size distribution is shown at thed convective heat transfer coefficient was set to 1.5 \m
step inFig. 4 The powder had a specific surface area of Initial fractional densities in the structures were set to 0.65,
4.149 n?/g, determined by a spherical grain assumption in- and the initial temperature was set to 300K. Based on
tegration. Powder size distributions were determined using previous sintering simulation work, the sintering time step
a Horiba model LA-920 Particle Size Analyzer, which is a was set to 60s. The simulation then consisted of setting
laser diffraction device. 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
4. Material parameters minutes.

For preliminary code validation, data from the literature
were found for alumina thermal properties across the rele- 6. Results and discussion
vant temperature rang€:1’. Other sintering parameters for
alumina and and all the data for silicon carbide were found  Some code verification work was performed to find a suit-
in.18 able time step for the heat uptake from the microwaves. Since
For LaxNiO4 an extensive set of material properties over the calculated changes are rate driven, it was necessary to ar-
a broad temperature range was required. In some cases, onlyive at a fine enough time step to ensure numerical stability.
partial data was found, so estimates were made based on basiEor the microwave heating, atime step of 0.1 swas nested into
trends observed in thedNiF, structural family, and compar-  the 60 s sintering time step and gave time-temperature results
ative tendencies between nickel and other metallic elements.which closely matched heating curves for both alumina and
For cases where parameters were constructed from partiakilicon carbide shown by Chatterjee et'4l.
sources, sample values are given below for temperatures of Next, properties for LeNiO4 were input to the simula-
300, 800 and 1300K. tion. Fig. 1 shows the resulting heating curve. The temper-
Thermal conductivity data have been published by Pillai ature from the top left element of the structure was used
and Georgé-® and heat capacity data from Castro and Burriel here. Since the samples considered were quite small, there
were used? (364.67, 488.47, 564.51; [J/kg K]). Radiative was minimal (less than 2K) temperature variation in the
heat transfer parameters were published by Tsaneva?ét al. structure. A further reason for this is that with thin sam-
(0.930, 0.913, 0.767). Dielectric properties {2.74, 14.93, ples, the microwave penetration depth is sufficient to heat
15.99), (tars: 5.953x 1075, 1.814x 107>, 2.013x 10°°) the entire volume uniformly. The shape of the curve roughly
were taken from22:23 and magnetic propertieg{7.744 x corresponds to the temperature functionality of the loss co-
10°, 8.535 x 10%, 1.699 x 10?), (tan¢g: 3.565, 0.138, 0.081) efficients. The final temperature reached after one hour was
were given in?24 Surface free energy data (2.01, 1.91, 1.81; 1354K, very similar to an estimate of 1100 observed ex-

[J/m?]) were estimated based on papers from écet al. perimentally in our laboratories. Literature data from Pan-
25 and Read et &% The D, function for sintering (2467 x neerselvam and RZ8 shows a 300 W microwave bringing
102 exp(—640Q0/ T) [m3/s]) was obtained from Kilnerand  the chemically similar, but less electromagnetically respon-
Shaw?’ sive LaNiG; together with an SiC susceptor to 1073K in

A density value of 7070 kg/fwas used, based on a crys- 50 min, compared to 1151 K in the present study. The lower
tallographic calculation. Also from this calculation, a molec- curve inFig. 1shows output where the magnetic contribution
ular volume of 94106 x 10~-2°m3 was determined. to heating was set to zero. The temperatures attained are very
much lower, and in view of some experimentally observed
results, it is clear that the magnetic loss is an essential com-

5. Simulation conditions ponent for modelling the microwave heating of lanthanum
oxides.

The simulation modelled microwave heating with a The time-temperature profile output Fg. 1 was used
2.45 GHz multimode source at a power output of 700W in as a basis to compare microwave sintering to conventional
a cavity volume of 102m?3, approximating a unit in our  sintering. A simulation was run using these temperatures
laboratories. The samples considered were flat discs, 13 mnmas a boundary condition for the top and right surfaces of
in diameter and 4 mm in height, treated in two dimensions the disc, and allowing heat to be conducted into interior
with a central vertical symmetry plane. The rectangular finite regions. A number of studies have shown that the activa-
element grid had 34 horizontal and 10 vertical elements. tion energy for diffusion can be significantly decreased in
Boundary conditions were symmetry conditions on the left a microwave field®3% so to demonstrate this effect, the
side, the top and right sides were exposed to microwavesdiffusion activation energy for the conventional heat case
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Fig. 1. Heating curves for L#NiO4 microwaved for 1 h.

) ) . Fig. 2. Densification curves for microwave and conventional sintering cases.
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- surface area factor for heat uptake is not considered. As the
cally investigated the mechanisms behind enhanced sintersintering proceeds, grain growth occurs, thereby reducing
ability in microwave fields. These studies suggest that much the heat uptake. Without this factor, a slightly higher final
of what is reported as an enhancement can be attributed taemperature is reached as well as a slightly higher density
imprecise temperature measurements, and suggest that thef 0.944, compared to 0.927. For the sample on the right
actual benefit of the microwave field may be worth about side, the magnetic loss contribution was not included, and
50K.32:33 temperatures producing any degree of densification were
Fig. 2shows the densification rate of a microwaved sam- never reached.
ple, and one heated conventionally. The lower diffusion rates  Grain coarsening was also a feature of the simulation,
produce the lower final density for the conventional case. The with particle size distributions being traced via Eg). Fig. 4
comparison inFig. 2is not really practical as conventional showsthe initial and final particle size distributions for the top
ovens cannot be controlled well enough to follow the heating left element in the structure. Both microwaved and conven-
curve so precisel¥ig. 3shows the effect of the densification tionally heated samples are shown. For the non-microwaved
on the profiles of the structures after one hour of sintering. sample, the lower densification rates produce correspond-
The microwaved sample has a smaller final sintered size com-ingly less grain growth. Larger grain sizes are less desir-
pared to the conventionally heated sample, corresponding toable for SOFC materials, but can be controlled to some
its higher density. Of further interest here is the calculation extent by the initial particle size distribution in the green
in the left hand sample showing the result when the specific body.

—— greenbody profile

--=-- nosurface area effect o sinteredprofile
""""""""" i La2Nio4 La2NiO4microwaved
La2NiO4microwaved = conventional heat 300W 60 min sinter
300W 60minsinter i 60minsinter ; nomagnetic loss response
H following microwave time-temperature curve
1
1

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

12.

7. Conclusions

The discussion above has demonstrated that a fairly com-13.

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 over15.

the body which conducts, convects and radiates heat.
Preliminary calculations have been made using the model 16

compound LaNiO4 which has a complex microwave be-

haviour. The output is qualitatively sound and in the absence

of very precise material parameters, gives quantitative output17.

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 theio.

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
gualities amenable to good sintered properties. Further uses);
are envisioned for defining processing tolerances in powder
compact properties to avoid defects, cracks and/or thermal
runaway.

22.
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