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ABSTRACT

Widespread commercialization of solid oxide fuel cells (SOFCs) is expected to be realized in various application fields with the

advent of cost-effective fabrication of cells and stacks in high volumes. Cost-reduction efforts have focused on production yield,

power density, operation temperature, and continuous manufacturing. In this article, we examine several issues associated with

processing for SOFCs from the standpoint of the bimodal packing model, considering the external constraints imposed by rigid

substrates. Optimum compositions of composite cathode materials with high volume fractions of the second phase (particles dis-

persed in matrix) have been analyzed using the bimodal packing model. Constrained sintering of thin electrolyte layers is also

discussed in terms of bimodal packing, with emphasis on the clustering of dispersed particles during anisotropic shrinkage.

Finally, the structural transition of dispersed particle clusters during constrained sintering has been correlated with the struc-

tural stability of thin-film electrolyte layers deposited on porous solid substrates.

Key words : Solid oxide fuel cell, Bimodal packing model, Constrained sintering, Anisotropic shrinkage, Structural sta-

bility

1. Introduction

 solid oxide fuel cell (SOFC) is considered one of the

most promising energy conversion systems because of

its high conversion efficiency for production of electricity

and heat with negligible air-pollutant emission and consid-

erably reduced greenhouse gas emission.1-3) In most station-

ary applications, SOFCs provide unique advantages such as

non-requirement of precious metal catalysts, fuel flexibility,

and high energy density.4,5) Fuel cells can be used in a wide

range of systems including small-scale power sources for

portable applications, small auxiliary power units for auto-

motive applications, combined heat and power systems for

stationary applications, and large-scale central power gen-

erating systems.6) 

The major advantage of an SOFC is its ability to generate

electricity at relatively high temperatures compared with

other fuel cells. For example, high-temperature SOFCs can

produce high-quality exhaust heat for cogeneration, and can

be incorporated into gas turbines as pressure increases to

improve the overall efficiency. Unfortunately, the high oper-

ating temperatures of SOFCs have increased the fabrication

cost, limited the choice of materials, and decreased the

durability, thus shortening the lifetimes. These drawbacks

critically limit the progress in SOFC manufacturing.7-12)

Lowering the operating temperatures of SOFCs leads to

substantial benefits; it can reduce the fabrication cost,

broaden the choice of materials, prolong durability, simplify

thermal management (decreasing the stress between the

triple phase boundary, TPB), improve cell consistency, facil-

itate faster start-up and cool down, and prevent or reduce

cell degradation.9,13-19)

SOFC commercialization is currently hindered by the

high manufacturing costs. Therefore, researchers have

attempted to reduce the operating temperature and mate-

rial cost, which are crucial to lowering the overall fabrica-

tion cost. Small-scale production of SOFCs with minimum

thicknesses not only decreases the operating temperature

but also minimizes the ohmic resistance across the cell. For

instance, SOFCs can be operated at reduced temperatures

(e.g., 600°C) by reducing the electrolyte thickness and

adopting electrode-supported, such as anode-supported

designs.17,20,21) Practical and suitable fabrication methods for

SOFC single cells must be carefully selected and executed to

achieve low-thickness SOFCs. Preventing mechanical fail-

ures, generating high power density outputs, and improving

the performance of SOFCs are also essential for their com-

mercialization.8,16,22-25)

Despite the fuel flexibility provided by SOFCs, the up-to-

date SOFC commercialization has been hindered by high

capital costs, and thereby, the global SOFC market has

been heavily driven by government subsidies and/or public
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policies.26-28) Numerous studies and cost projections based on

the learning effect have been reported for automotive fuel

cells systems,22,26-30) but fewer studies have focused on dis-

tributed applications of SOFCs.26,27,31) It has been reported

that stack cost makes up about 40–50% of the system cost,

and cell cost makes up about 50% of the stack cost at all pro-

duction volumes, followed by cell sealing (10–18%) and

interconnects (10–18%).26,27) Thus, material cost makes up

almost 80% of stack cost, as shown in Fig. 1; therefore, a

realistic cost reduction approach must be adopted, including

the use of thinner cells and stack components, manufactur-

ing automation, and in-line quality control.26) Stack cost

involves the cost of material, operation, equipment, build-

ing, and labor. The initial capital investment in the equip-

ment makes up about 40% in small volume production, but

the cell making cost makes up about 65–70% of the stack

manufacturing cost in high-volume production.26,27) Further

cost reduction needs to be accomplished via innovative man-

ufacturing technologies, e.g., roll coating, instead of conven-

tional screen printing, for high production throughput and

reduced low initial capital investment.32)

2. Processing Issues of Yttria-Stabilized 
Zirconia (YSZ)/Gadolinium-Doped Ceria (GDC) 

Bilayer Electrolytes

Even in high-volume production, power density and pro-

cess yield are regarded as the prevailing parameters con-

tributing the most to the stack manufacturing cost;

contribution of other parameters is much less.26,27,31) In

recent years, bilayer electrolyte systems have been rigor-

ously explored as a potential means to improve the electro-

chemical and thermochemical performances of SOFCs. In

particular, two-component electrolyte layers in a bilayer

electrolyte system are expected to overcome the drawbacks

associated with a single electrolyte layer. Bilayer electrolyte

application results in a synergistic effect, which can over-

come the drawbacks of individual layer electrolytes and lead

to improved power density and prolonged lifetime. Although

the bilayer electrolyte systems have advantages, there are

several factors that need to be considered, such as shrink-

age compatibility, thermal expansion coefficient (TEC) com-

patibility, and possible interdiffusion between the two

components. Among the various bilayer electrolyte systems,

ZrO2/CeO2 can be highly promising if the processing issues

are properly addressed. 

Generally, the ZrO2/CeO2 bilayer electrolyte system exhib-

its high oxygen ion conductivity and low reactivity to elec-

trodes (due to doped CeO2), and excellent stability and low

electronic conductivity (due to doped ZrO2). Doped ZrO2 lay-

ers have been used with doped CeO2 layers to block elec-

tronic current in reducing environments, leading to enhanced

open circuit voltage (OCV). If the doped ZrO2 layer is thin

enough, the electrolyte resistance is not increased much

compared with a doped CeO2 electrolyte alone. In addition,

a doped CeO2 layer is widely used as a diffusion barrier to

minimize the formation of resistive reaction products such

as La2Zr2O7 and SrZrO3 because CeO2 is much less reactive

than ZrO2 to mixed ionic-electronic conducting (MIEC) cath-

ode materials.33) ZrO2/CeO2 co-firing above 1300°C resulted

in almost three-fold increase in the interface resistance due

to the formation of a resistive solid solution by interdiffu-

sion.33-35) Therefore, for CeO2 layer formation, post-firing was

performed at ~ 1200°C on a densified YSZ electrolyte layer

to eliminate the interdiffused layer. However, this led to

fairly porous CeO2 layers with poor electrolyte performance,

and these layers failed to protect the ZrO2 layer against

undesired reaction with Co-based MIEC cathodes.36-39)

Generally, bilayer electrolyte systems with two different

configurations are used: a thin CeO2 interlayer between the

cathode and ZrO2 layer, or a thin ZrO2 interlayer between

the anode and CeO2 layer. In either systems, the ZrO2 layer

should be sufficiently thick and crack-free to prevent the

reduction of CeO2, and sufficiently thin to minimize the

ohmic resistance. It is to be noted the ZrO2 layer should

have an optimum thickness; otherwise, its performance will

deteriorate because of OCV loss and ohmic resistance

increase. The minimum thickness that is required to

achieve a stable OCV with the ZrO2-based electrolyte layer

at a given temperature depends on the process and operat-

ing temperature.40-50) Any further increment in the ZrO2

layer thickness will only increase the ohmic resistance,

Fig. 1. Cost breakdown of 1-kW class SOFC stack at annual
production capacity of (a) 0.1 MW and (b) 1 MW.27)
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without enhancing the performance. If a thin continuous

CeO2-based electrolyte layer is deposited on a YSZ layer of

optimized thickness, even low thicknesses are sufficient to

prevent the reaction between LSCF and YSZ. 

Although the optimum thickness of the ZrO2 layer consid-

erably varies with respect to the process, producing extremely

thin, defect-free layer in each process should be the first pri-

ority to successfully fabricate bilayer electrolyte SOFCs

with high performances. Regardless of bilayer configura-

tions, the major fabrication challenge is to economically

develop a gas-tight, pinhole-free ZrO2 electrolyte layer on a

porous substrate, while maintaining low thickness. Cost-

effective fabrication routes must be explored through tech-

nical innovation in bilayer electrolyte processing to achieve

cost reduction and performance enhancement. 

Till date, only a couple of studies have demonstrated the

prevention of processing issues: interdiffusion between ZrO2

and CeO2 layers and poor densification of the CeO2 layer.

For instance, Fe2O3 was used as a sintering aid for both YSZ

and GDC layers, which led to the effective reduction of

interdiffusion at a low co-firing temperature of 1250°C.

Moreover, the reaction zone width reduced from ~ 3 μm at

1400°C to < 1 μm at 1250°C.43) A power density of 0.62 W/

cm2 at 0.7 V (Pmax = 0.75 W/cm2; 650°C) was reported in a

cell with a 10-μm-thick YSZ/3-μm-thick GDC bilayer elec-

trolyte and a composite lanthanum strontium cobalt ferrite

(LSCF)–GDC cathode.43) The authors attributed the excel-

lent cell performance to several microstructural features

including low YSZ/GDC bilayer electrolyte resistance, mini-

mal Sr diffusion and SrZrO3 formation due to the dense

GDC layer, fine-scale Ni–YSZ anode microstructure, and

improved anode support gas diffusion due to a higher frac-

tion of connected pores formed at a low sintering tempera-

ture.43)

Further enhancement of power density has been achieved

by reducing the thickness of the YSZ layer of an extremely

thin bilayer electrolyte, wherein the so called “coat and

bake” approach was employed, despite the external con-

straints imposed by the rigid substrate.49,51,52) Cells with

YSZ (100 nm)/GDC (400 nm) bilayer electrolytes, which

were deposited on rigid NiO-YSZ anode substrates by chem-

ical solution deposition (CSD), followed by sequential post-

firing below 1100°C, exhibited a power density of 1.1 W/cm2

at 0.7 V (Pmax = 1.35 W/cm2; 650°C) because of the substan-

tially reduced bilayer electrolyte thickness, particularly

YSZ layer thickness, as shown in Fig. 2.49) Although the

“coat and bake” process is very simple, special care should

be taken during the preparation of coating solutions to over-

come the constraining effect arising from a rigid sub-

strate.49,51,52) The details of the “coat and bake” approach to

resolve the constrained sintering of the YSZ electrolyte

layer is thoroughly discussed later from the standpoint of a

bimodal packing model, which requires significant modifica-

tion, considering the presence of a rigid substrate. More-

over, it should be noted that by using the “coat and bake”

approach, which can continuously produce thin cells, signifi-

cant cost reduction of SOFCs can be achieved, as pointed

out in the previous section. 

3. Reinterpretation of Composite Cathode 
Compositions Using a Bimodal Packing Model

Numerous efforts have been devoted to the development

of SOFCs and stacks of various shapes and (stack) geome-

tries.22,53-56) Regardless of the cell types and stack geome-

tries, the individual layers and multilayers of SOFCs are

made up of ceramic-ceramic composites.6,22,53-59) With regard

to cathodes especially, the majority of previous investiga-

tions focused on developing porous electrodes of binary com-

posites with high phase connectivity (all components) to

produce high-performance electrodes through efficient trans-

ports of ions, electrons, and gas molecules. 

Although numerous studies on the optimum compositions

of binary composite cathodes have been reported, there are

hardly any papers dealing with the fabrication process,

green microstructure, and sintering behavior.60-64) The green

microstructure is represented by powder characteristics,

packing characteristics, and pore characteristics, which

affect the sintering behavior of green bodies and their

microstructure development.65-68) In principle, all composites

are composed of matrix and dispersed phases, which are

either continuous or discontinuous in the distribution state.

The distribution state is controlled by the powder character-

istics, dispersion structure, mixing state, and packing behav-

ior of the component powders.65-67) Although composites

undergo differential sintering due to the difference in the

sintering rates of the components, controlling the differen-

tial sintering could enable the production of a porous com-

posite cathode with the desired microstructure and multi-

functional properties.60-65)

If the composites are subjected to sintering, the matrix

with continuous distribution will undergo significant shrink-

Fig. 2. I-V characteristics of YSZ/GDC bilayer electrolyte
solid oxide fuel cells with 10-mm-thick YSZ layer pro-
duced by screen printing or 100-nm-thick YSZ layer
produced by chemical solution deposition, and 5-µm-
thick LSCF cathodes produced by chemical solution
deposition.43,49)
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age in the initial stage because of the internal constraints

imposed by the dispersed particles in the form of tensile

stress fields.69-74) As the matrix shrinkage progresses, the

dispersed particles interact with each other and form small

local clusters. With further matrix shrinkage, a number of

local clusters interact with each other and eventually form a

global cluster, covering the whole volume space of the com-

posite.75-79) After the formation of a composite structure with

both components in the continuous distribution state, com-

posite sintering leads to the formation of different network

structures, competing with each other throughout the vol-

ume space.80) To detail, if the sintering rate of the dispersed

particles is lower than that of the matrix, composite densifi-

cation will be retarded. In the extreme case where the dis-

persed particles are non-sintering, composite densification

almost completely stops due to the strong rigidity of the net-

work structure.78,79) On the contrary, if the sintering rate of

the dispersed particles is higher than that of the matrix,

composite densification will be accelerated.80) It should be

reemphasized that composite densification relies on the

competitive nature of the two continuous network struc-

tures formed by both the matrix and dispersed phases in the

co-continuous state, although matrix sintering controls com-

posite densification in the initial stage, with the dispersed

particles discontinuously distributed. In general, it is neces-

sary to carefully determine the difference in the sintering

rates of the matrix and dispersed phases to refine the final

microstructure in both porous and dense states.80)

Despite the importance of green microstructure, the

majority of previous studies have not paid due attention to

the correlation between the powder packing structure and

final microstructure of composite cathodes by taking into

account the powder characteristics and consolidation routes.

It is a complicated and time-consuming task to experimen-

tally optimize the microstructures of composite cathodes

because of the multiple processing steps; therefore, it is

more desirable to predict the approximate range of opti-

mum compositions. If the packing density of each compo-

nent powder is known in a binary system, it is possible to

apply the bimodal packing theory to predict the packing

density of a composite, as shown in the specific volume dia-

gram in Fig. 3.78,81-83) As observed, the packing behavior is

linearly related to the composition when viewed in terms of

specific volume (dimensionless), which is the reciprocal of

fractional density. In an ideal case, maximum packing (min-

imum specific volume, V*), occurs at X*, where fine particles

(A) fill the interstitial spaces between the large particles (B)

in the co-continuous state (Px). If the volume fraction of B is

lower than X*, the packing structure will be B dispersed in

A matrix (P2). On the other hand, if the volume fraction of B

is higher than X*, the packing structure will be A dispersed

in B matrix (P3).
78,80) Packing density in an ideal mixing

state and that in a completely separate state (PRM) calcu-

lated using the rule of mixture can be described by the solid

line VA-C-VB and dashed line VA-VB, respectively.

On the basis of the bimodal packing model, two aspects

should be considered to obtain a high-performance compos-

ite cathode. First, the mixing homogeneity has to be excel-

lent to achieve the maximum number of heterogeneous

contact points between A and B, which is critical to increas-

ing the TPB length.78-83) Second, the composition in the A-

rich side must be nearly similar to that at X*, as long as the

composite cathode can develop sufficient co-continuous net-

work structure strength. This second condition is expected

to overcome the high residual porosity by reducing the criti-

cal shrinkage for the formation of a co-continuous network

structure, resulting in efficient gas transport.79,80)

Assessment of optimum composition data of previous

studies from the bimodal packing standpoint might give an

insight into the correlation between the powder packing

behavior and microstructural development. By quantita-

tively analyzing lanthanum strontium manganite (LSM)-

YSZ composite cathodes, Wilson et al.84) reported that only

57% of TPB length is active while 28% is inactive, and the

rest is unknown. They suggested that the inactive TPB

length was due to the underdeveloped LSM network struc-

ture. On the basis of powder characteristics of starting pow-

ders, it can be speculated that the composite packing

structure consists of LSM dispersed particles surrounded by

YSZ matrix particles. Moreover, the YSZ matrix shrinkage

accompanies the LSM network development during sinter-

ing because the LSM particles are discontinuously distrib-

uted within the YSZ matrix particles. As the YSZ matrix

undergoes shrinkage, LSM particles approach each other to

form local clusters. Further matrix shrinkage forces these

local clusters to interact and grow, eventually forming a

continuous LSM network structure throughout the LSM

matrix, covering the whole cathode volume space. The

underdeveloped LSM network structure can be attributed

to underfiring of the composites (only in a homogeneous

mixing state). Notably, in a homogeneous mixing state, fur-

ther matrix shrinkage can force the isolated LSM local clus-

Fig. 3. Specific volume versus composition of bimodal pow-
der mixtures.81-83)
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ters to interact with each other and to eventually form a

global network structure at the expense of porosity. The

other reason for the underdeveloped LSM network struc-

ture may be the lack of mixing homogeneity, possibly aris-

ing from agglomeration and/or poor co-dispersion of

component powders. Thus, it has to be reassured that the

bimodal packing model includes the detailed characteristics

of powder packing behavior of each component and the mix-

ing state. Otherwise, it must be used as a general guideline

in determining the optimum composition of the composite

cathode. 

4. Component Segregation in Bimodal Packing

Another outstanding example showing the significance of

controlling powder packing behavior could be found in the

LSCF-GDC composite cathodes, wherein two research

groups have reported considerably different optimum com-

positions despite using identical starting powders.85,86) They

used different consolidation routes to produce composite

cathode layers: slurry painting and spin coating. Although

both methods are commonly used in coating practices, there

are significant differences between them with regard to

slurry conditions and powder packing. In spin coating, a

low-viscosity solution or suspension is used, which is benefi-

cial for rapid leveling and fast drying at high rotational

speeds. On the other hand, slurry painting requires a solu-

tion with considerably high viscosity, preferably with thixo-

tropic behavior.

GDC and LSCF powders with average particle sizes of 2.3

μm and 0.7 μm, respectively, have been reported by the two

research groups.85,86) Because the particle sizes of compo-

nents are considerably different, consolidation must be care-

fully controlled to prevent component segregation,

particularly in spin coating. In spin coating, the coating

layer is likely to experience very high velocity gradient

because of the high rotational speed and low thickness,

which subjects a solution or slurry to extremely high shear

rates.87) Suspensions containing particles with bimodal dis-

tribution commonly have a tendency to show a shear thick-

ening behavior due to extensive hydrodynamic interactions

between coarse particles at high shear rates, i.e., shear-

induced flocculation.88-91) Similar flow behavior is highly

plausible in spin coating of dilute suspensions containing

GDC/LSCF powders because the shear rate is expected to

be extremely high for extremely thin coating layers at con-

siderably high rotational speeds. Moreover, the liquid

removal rate during spin coating is also expected to be

uncontrollably high because of counter air flow on the coat-

ing surface with respect to the rotational direction. A high

shear rate in combination with a high drying rate can

strongly limit the particle packing efficiency because of

insufficient liquid vehicle available for particle rearrange-

ment. Consequently, the shear-induced flocs formed by

hydrodynamic interactions between coarse GDC particles

are likely to be persistent during the whole process.87,88) In

other words, the shear-induced flocs formed by GDC parti-

cles possibly lead to low packing density, requiring addi-

tional GDC content for the reduction of interspace between

GDC particles. 

On the contrary, slurry painting is performed using a con-

centrated suspension with high solid loading, which effec-

tively prevents component segregation because of the highly

viscos flow behavior. Subsequent cold isostatic pressing

(CIP) is likely to improve the packing density of the coating

layer, which decreases the critical matrix shrinkage, lead-

ing to the formation of a co-continuous network structure

due to the small interspace between GDC particles. The

optimum compositions of GDC/LSCF composite cathodes

are proposed to be 36/64 and 50/50 for slurry painting and

spin coating, respectively. The difference in optimum com-

positions is attributed to the different particle packing

structures formed by the two coating practices. 

Nonetheless, the two compositions reported by the research

groups can be represented using the specific volume dia-

gram, as shown in Fig. 4.78,82,83) Here, we assume that both

component powders have a fractional packing density of 0.4

and that the composites maintain excellent mixing homoge-

neity during the whole process. X* represents the composi-

tion with the minimum specific volume (i.e., maximum

packing density) in a co-continuous state achievable in this

binary composite system. In this diagram, the specific vol-

umes in the coating layers obtained by slurry painting and

spin coating can be denoted by C1 and C2, respectively, as

long as mixing homogeneity is maintained. In the homoge-

neous mixing state, the LSCF matrix predominantly con-

trols the composite densification, and subsequently, the

dispersed GDC particles come closer. If we assume that the

densification of composite cathodes mainly occurs by matrix

sintering up to the co-continuous state, then the matrix

shrinkage, which is denoted by the dashed arrows in the

specific volume diagram, can be considered approximately

the critical volume shrinkage for the formation of co-contin-

uous LSCF-GDC composite cathodes structures by slurry

Fig. 4. Bimodal packing behavior previously reported for
LSCF-GDC composite cathodes with optimum compo-
sitions obtained using identical starting powders.85,86)
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paining and spin coating.78-80)

Unfortunately, the high shear field and fast drying in spin

coating inevitably cause the ideal mixing state (solid lines)

to poor mixing state (rule of mixture, dashed line) transition

due to possible component segregation resulting from shear-

induced flocculation of coarse GDC particles.87-91) In other

words, if mixing homogeneity is maintained without shear-

induced flocculation throughout the spin coating process,

the specific volume of the coating layer can be represented

by C2. However, the specific volume of the coating layer

formed by spin coating is expected to be between C2 and CRM

in the presence of shear-induced GDC flocs. This indicates

that the interspacing between GDC particles is likely to

increase in the composite coating layer formed by spin coat-

ing relative to the ideal case, requiring more LSCF matrix

shrinkage than ε2 to form a co-continuous network struc-

ture. In practice, the composites at C1 and C2 require matrix

shrinkage ε1 and ε2, respectively, by which the compositions

of both composites converge to X* to form co-continuous

structures, as depicted in Fig. 4.78,80) Thus, the difference in

the optimum compositions of composite cathodes can be

attributed to the fact that the high shear rate in spin coat-

ing forces the optimum composition to shift towards high

GDC volume fraction because of shear-induced flocculation

of coarse GDC particles.88-91) The aforementioned argument

clearly indicates that the mixing state of a composite cath-

ode should be critically examined in each processing step,

from the starting powder to the final consolidated state.

Otherwise, it will be almost impossible to reproduce the

optimum compositions suggested in the literature on the

basis of the mixing ratio and sintering condition.

5. Interaction of Inclusion Particles at Low 
Inclusion Volume Fractions

Thus far, we have dealt with the sintering of binary com-

posite cathodes from the view point of the bimodal packing

model, which was very useful in explaining the clustering

behavior of dispersed phase particles. When a ceramic coat-

ing layer, in either the binary composite or bimodal powder,

is subjected to sintering in the presence of a rigid substrate,

sintering shrinkage occurs only in the direction perpendicu-

lar to the substrate. Unlike the case of composite cathodes

discussed above, if the content of the dispersed phase parti-

cles is relatively low in a binary composite or bimodal pow-

der, their clustering behavior is expected to be influenced by

the anisotropic matrix shrinkage caused by external con-

straints imposed by the rigid substrate.80,92-94)

Weiser and De Jonghe have used the term “effective vol-

ume fraction” to explain the effect of inclusion size on the

retardation effect of SiC-ZnO composites at a low SiC vol-

ume fraction.70) According to them, there exists a nearly

invariant matrix shell composed of one matrix grain (adja-

cent to the inert dispersed SiC particles), which causes

increased sintering inhibition with decreasing SiC size. In

fact, when the dispersed SiC particle size was decreased

from 75 μm to 0.25 μm, the retardation effect observed with

5 vol% addition of 0.25-μm SiC particles was equivalent to

that observed with 18.5 vol% addition of 75-μm SiC parti-

cles. In addition, according to them, it was highly possible

that the degree of clustering of the dispersed phase particles

had a significant effect on composite densification.69,70) Simi-

larly, Lange et al. introduced the term “interactive network”

with “non-touching” dispersed inclusions to explain con-

strained sintering at low inclusion volume fractions, which

is in contrast to the complete stoppage of sintering due to

the formation of a network by “touching” dispersed inclu-

sions at high inclusion volume fractions.79)

6. Clustering of Nanoparticles Dispersed in 
Ceramic Coatings Formed by CSD

Regardless of the networks formed by touching or non-

touching particles, it has been clearly demonstrated that

the constraining effect of dispersed phase particles on com-

posite densification is tremendously augmented as their

sizes decrease.70) Thus, it is interesting and instructive to

look into the densification of binary composite or bimodal

compact with the introduction of nanoparticles as the dis-

persed phase in finer matrices. As pointed out earlier, the

effective volume fraction is expected to drastically increase

with the addition of nanoparticles as the dispersed-phase

particles, which tends to effectively increase their interac-

tion to form an interactive network at very low volume frac-

tions. This was clearly demonstrated in the densification of

thin YSZ and GDC electrolyte layers on a rigid substrate

prepared by spin coating of chemical solution containing

“slow-sintering” nanoparticles.49-51) 

Oh et al. successfully developed an extremely thin bilayer

electrolyte SOFC using a gas-tight YSZ electrolyte layer

with nanoparticle clusters.49-51) In essence, the coating layer

can be regarded as a bimodal powder compact composed of

“slow-sintering” nanoparticles surrounded by a superfine

sol particle matrix. They found that about 5 vol% nanoparti-

cle addition effectively suppressed major process flaws in

the early stage of sintering and caused further densification

to gas tightness in the later stage. These dual functions

were driven in a controlled manner mainly by adjusting the

volume fraction of dispersed nanoparticles on the basis of

nanoparticle clustering, and subsequent cluster-cluster

interactions.51) In essence, the cluster rigidity should be suf-

ficiently strong for reduction of shrinkage rate in the early

stage, while it should be sufficiently weak for further densi-

fication through cluster reorganization caused by matrix

sintering “stress.” 

In fact, the cluster rigidity of dispersed particles in the

matrix can be presented by the average particle coordina-

tion number in a cluster if the bond strength between the

touching particles is assumed to be constant. According to

previous studies on the interrelationship between packing

density and coordination number, the most probable value

of fractional packing density for random packing of mono-
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sized spheres is between 0.59 and 0.64, with approximately

six contacts per sphere.95-97) The percolation theory predicts

a percolation threshold of ~ 16 vol% dispersed particles,

with the estimated coordination number near 4.98,99) In a

thin electrolyte layer formed by CSD, where the bimodal

system consists of nanoparticles dispersed in a much finer

sol-particle matrix, a reference value could be indebted to

the sol-gel transition for coordination number of dispersed

nanoparticles.100) The gel structure can be described as a

three-dimensional (3D) network structure formed by inter-

connected sol particles with the solvent immobilized inside.

Although the sol-gel transition takes place in a 3D volume

space, it has been suggested that sol-gel transition can occur

even at critical solid loadings as low as 0.83 vol%, at which

the average coordination number of the gel network is

expected to be only 2.50 (3-2-2-3). When the coordination

number increases to 3, the critical solid loading is about 5

vol%.100) The critical solid loading was estimated under the

assumption of no particle rearrangement and cluster reor-

ganization upon gelation, which is nearly identical to the

sintering of binary composites or bimodal compacts. Thus,

once the dispersed particles form clusters, reorganization is

very difficult because of the hindrance effect caused by the

matrix particles. Nonetheless, it should be noted that at

remarkably low solid levels of < 5%, a three-dimensionally

continuous open network structure can be formed if the par-

ticle size is decreased to extraordinarily fine scale, as shown

in Fig. 5.100) 

7. Anisotropic Shrinkage of Ceramic Coating in 
the Presence of a Rigid Substrate 

Thin ceramic films for various applications are often pro-

duced by coating of solutions or slurries, followed by sinter-

ing. Because the films are constrained on rigid substrates,

the in-plane shrinkage is inhibited, and densification takes

place only along the thickness direction. Constrained sinter-

ing of films reduces the overall sintering rate and frequently

leads to major processing flaws.101) Notably, structural dam-

ages are caused by biaxial tensile in-plane stresses, and

they are typically initiated in the early stages of densifica-

tion in the vicinity of pre-existing defects.102-104) In addition,

on the basis of the study on Al2O3 films, it has been sug-

gested that crack growth occurs due to the coalescence of

microcracks with each other and with the main cracks in

the diffuse damage zone. Despite the damaging mechanism,

sintering at lower temperatures and/or slow heating rates is

expected to make the ceramic films resistant to cracking

and damage.102) This can enhance coarsening in favor of

neck growth and reduce the shrinkage rate in favor of tran-

sient stress decrease. The extensive damages developed in

GDC films prepared the by sol-gel process can be attributed

to the uncontrollably fast densification along the thickness

direction in the absence of sufficient interparticle bond

strength due to the underdeveloped in-plane neck areas.101,102)

As the magnitude of transient stress during constrained

sintering of ceramic films is closely related to the densifica-

tion rate, the shrinkage rates of Al2O3 thick films in con-

strained sintering and bulk samples in free sintering were

calculated and replotted for comparison using the isother-

mal sintering data reported by Guillion et al., as shown in

Fig. 6.93) Although the linear shrinkage in constrained sin-

tering (thick films on rigid substrates) is about three times

Fig. 5. Schematics of open clusters with various coordination numbers: (a) 3-2-2-3, (b) 3-2-3, and (c) 3.100)

Fig. 6. Comparison of linear shrinkages and shrinkage rates
corresponding to free sintering and constrained sin-
tering.93)
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greater than that in free sintering, the total volume shrink-

age is nearly identical in both free and constrained sintering

conditions, considering the fact that volume shrinkage

equals to three-fold linear shrinkage. More importantly, the

shrinkage rate in constrained sintering is approximately

1.4–4 times higher than that in free sintering in the first 15

min.93) It should be noted that the shrinkage rate in the first

5 min is almost 10 times higher than that at 15 min, indi-

cating that controlling the shrinkage rate in the very early

stage is critical in suppressing processing flaws. Theoretical

calculation predicts that shrinkage rates in constrained sin-

tering are ~ 1.8 and ~ 2.3 times higher than those in free

sintering at relative densities of 75% and 90%, respectively,

confirming that the difference in the shrinkage rate is per-

sistent throughout sintering.92,105-108)

It should be borne in mind that the magnitude of tran-

sient stress during constrained sintering of a ceramic coat-

ing layer is proportional to the difference in shrinkage rates

of the coating layer (in the presence of a rigid substrate of

zero shrinkage) and substrate.92,109,110) Accordingly, a special

measure should be taken to reduce the shrinkage rate of the

coating layer, i.e., transient stress, to suppress the process-

ing flaws in the initial stage of sintering and to obtain a

dense electrolyte layer in the later stage. It has been a com-

mon practice to incorporate a slow-sintering second phase in

binary composites or coarse particles in bimodal powder

mixtures into a fast-sintering matrix.69-74,78-80) In the absence

of chemical reaction or solid solubility between the compo-

nents, the incorporation of slow-sintering particles will lead

to reduction of the densification rate, because of the con-

straining effects described in the previous section. 

In detail, in constrained sintering, the substrate con-

straint increases the shrinkage rate in the thickness direc-

tion by about 2–4 times as compared with that in free

sintering. Accordingly, the shrinkage rate of the constrained

electrolyte coating, especially that derived from chemical

solutions or by sol-gel processing, is expected to be much

higher, leading to a corresponding upsurge in transient

stresses. Thus the probability of damage and failure tends

to increase in constrained sintering of electrolyte coatings,

proportionally to the increase in transient stresses, because

the sources of pre-existing defects such as pores and surface

roughness in the substrates remain unchanged.102) The pro-

duction of dense electrolyte layers on porous substrates has

been reported to be highly challenging by several research-

ers because of the presence of substrate irregularities,

despite successful demonstrations on dense substrates.111-118)

Therefore, it is more reasonable and practical to overcome

the defect sources in the substrates by reducing the shrink-

age rate of the electrolyte coating layer in the thickness

direction with the addition of slow-sintering particles to

avoid processing flaws.69,70)

Notably, a defect-free dense bilayer YSZ/GDC electrolyte

has been successfully produced on a sintered porous anode

substrate by deposition of a chemical solution containing a

small amount of the respective nanoparticles (Fig. 7).49-51)

The nanoparticles added to chemical solutions possibly

decrease the shrinkage rate of the constrained electrolyte

layer, particularly in the initial stage of sintering because of

their internal constraints, but allow its further densification

to a gas-tight state in the later stage by negating the inter-

nal constraining effect partially or fully. To bring into effect

the dual roles of nanoparticles, the mutual interaction of the

dispersed nanoparticles need to be carefully controlled

under the external constraints imposed by the rigid sub-

strate.119) Discussed in the following section are the details

of nanoparticle clustering and its effects on constrained sin-

tering of electrolyte layers on rigid substrates. 

8. Structural Transition of Dispersed Particle 
Clusters in Bimodal Coating

From the standpoint of bimodal packing, uniaxial shrink-

age during constrained sintering possibly leads to mutual

interaction among dispersed nanoparticles in a preferred

orientation to form 1D clusters with preferential matrix

shrinkage along the thickness direction.93,94,105-107) However,

if the interspace between the 1D clusters is small enough for

mutual interaction at a relatively high volume fraction of

Fig. 7. (a) SEM and (b) BSE images of YSZ/GDC bilayer
electrolyte prepared by chemical solution deposition
(layer-by-layer build-up), followed by sintering at
1100°C.49,122)
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the dispersed particles, further matrix shrinkage likely

causes the transformation of the neighboring 1D clusters

into 3D clusters via either particle rearrangement or creep

under the compressive stresses arising from uniaxial matrix

shrinkage.70,78,79) Although it is interesting to investigate the

critical volume fraction at which the structural transition

from 1D to 3D clusters occurs, it is more instructive, at pres-

ent, to examine the microstructural development in the

presence of 1D and 3D clusters of dispersed particles in

bimodal powder mixtures. 

Figure 8 shows the SEM images of YSZ electrolyte sur-

faces prepared by spin coating of chemical solutions contain-

ing 2 vol% and 36 vol% nanoparticles, followed by sintering

at 1100°C.120) As observed, the pore structures and grain

microstructures of the YSZ electrolyte layers with 2 vol%

and 36 vol% nanoparticles are considerably different, clearly

reflecting the effect of the structure and rigidity of nanopar-

ticle clusters on the constrained sintering of bimodal coating

layer. Pronounced differences in pore structural features

are observed, including residual porosity, pore size distribu-

tion, pore shape distribution, and spatial distribution of

pores, which are believed to be closely related to nanoparti-

cle clusters. For the sample prepared with 2 vol% nanopar-

ticles, residual pores are located in the vicinity of relatively

large grains, and they are mostly surrounded by the fine-

grain matrix. These coarse grains are likely associated with

the nanoparticle clusters developed along the thickness

direction, and are discontinuously distributed in the coating

plane. On the other hand, for the sample with 36 vol%

nanoparticles, significantly large pores are associated with

coarse grains, which are interconnected in the coating

plane, covering the whole coating volume. Although there

exist exaggerated grains formed by nanoparticle clusters,

the matrix grains of this sample are substantially greater

than those of the sample with 2 vol% nanoparticles. The for-

mation mechanism of microstructure in the sample with 36

vol% nanoparticles can be explained as follows. The 3D

nanoparticle clusters covering the whole coating layer can

lower the magnitude of the tensile stress imposed by the

rigid substrate, because of extremely slow matrix shrinkage

rate caused by the high cluster rigidity. As a result, the

matrix particles are nearly free to sinter in local domains,

almost independently of the substrate constraint, and the

nanoparticles participating in the 3D cluster formation

undergo intense coarsening at the expense of the neighbor-

ing fine matrix particles, with little or some contribution to

the densification of the bimodal coating layer. 

The plot of maximum grain size versus the content of YSZ

nanoparticles (Fig. 9) clearly reflects the duplex grain

microstructure with 3D nanoparticle clusters. Surprisingly,

an abrupt increase in nanoparticle addition from 5% to 9%

causes a discontinuous increase in the maximum grain size

from ~ 400 to ~ 800 nm. This indicates that the YSZ nano-

particle clusters in the sol matrix particles undergo a struc-

tural transition from 1D to 3D in this regime. In the pres-

ence of 3D nanoparticle clusters, the sol matrix particles

appear to be less constrained by the rigid substrate because

of the reduced tensile stress resulting from the high cluster

rigidity, and nearly free to undergo densification and grain

growth by normal sintering. Moreover, the substantially

large maximum grain size can be attributed to the increased

Fig. 8. SEM images of surface microstructures of YSZ elec-
trolyte layers produced by the addition of (a) 2 vol%
and (b) 36 vol% YSZ nanoparticles to chemical solu-
tions.122)

Fig. 9. Plot of maximum grain size versus content of YSZ
nanoparticles in chemical solution.122)
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number of diffusion paths between the nanoparticles pres-

ent in 3D clusters, considerably reduced substrate constraint

due to the high cluster rigidity, and intensive coarsening of

nanoparticles at the expense of fine matrix particles.

Besides the importance of constrained sintering of bimodal

coating, the significance of the maximum grain size cannot

be enough emphasized because it plays a decisive role in

defining the thermodynamic stability of the YSZ electrolyte

coating layers. When coatings such as electrolyte coatings

with 3D nanoparticle clusters are subjected to excessive

grain growth, they can break up into interconnected frag-

ments of coating layers, exposing the substrate to open air.

Breakup of the electrolyte coatings leads to functional fail-

ure (technically unacceptable) of SOFCs caused by the

disastrous fuel and air gas mixing. According to Miller et al.,

the onset of coating breakup occurs when the grain size is

greater than the thickness of the coating layer.121) When a

YSZ electrolyte layer deposited on an anode substrate is sin-

tered at 1100°C, the minimum thickness of the YSZ electro-

lyte layer with 5% YSZ nanoparticles is found to be about

400 nm. If the sintering temperature is raised to 1200°C,

the coating thickness must be increased to > 1 μm because

of nearly two-fold increase in the maximum grain size com-

pared with that at 1100°C.

With regard to clustering of dispersed nanoparticles, there

exists a critical volume fraction, e.g., 5–9 vol%, at which

cluster structures and rigidity drastically change. The uni-

axial clusters formed at 5 vol% nanoparticle addition loosely

interact with each other in the in-plane directions, presum-

ably via the interactive network of “non-touching” clusters;

on the other hand, in the case of clusters formed at 9 vol%

addition, actual interactions develop between each other

through “touching” clusters, as illustrated in Fig. 10.79) In

other words, the degree of lateral cluster interaction deter-

mines the magnitude of cluster rigidity, which controls the

local constraints in matrix sintering. Fig. 10(a) illustrates a

case of little or some lateral interactions developed between

uniaxial clusters in the thickness direction, which is likely

to occur at a relatively low volume fraction of dispersed par-

ticles, presumably below 2 vol% of nanoparticle addition. In

this case, the cluster structure formed by the dispersed par-

ticles is expected to be predominantly 1D with some isolated

small local clusters. In contrast, Fig. 10(b) shows the clus-

tering behavior of dispersed particles with considerable lat-

eral interaction, which is expected to occur at 9 vol%

nanoparticle addition. Here, the uniaxial clusters are linked

to each other throughout the electrolyte coating layer,

essentially forming 3D clusters. 

Judging from the dense electrolyte layer in Fig. 7, the

cluster structure formed at 5 vol% nanoparticle addition is

assumed to be very close to that shown in Fig. 10(a) in the

initial stage of sintering; however, in the later stage, it

undergoes progressive transition to that shown in Fig. 10(b)

through the reorganization of clusters driven by further uni-

axial shrinkage (Fig. 10(c)). The reorganization of clusters is

assumed to occur by particle rearrangement and sliding

under the compressive stress fields arising from the uniax-

ial matrix shrinkage. For reorganization, the rigidity and

coordination number of uniaxial clusters must be extremely

low. A coordination number of 3 or below cannot be practi-

cally achieved in 3D space, but only in 1D space.100)

Although for nanoparticles with sizes of 10-20 nm, the

uniaxial shrinkage in the thickness direction is favorable for

the formation of open clusters with very low coordination

numbers, the “effective volume fraction” proposed by Weiser

and De Jonghe might be complementary to the aforemen-

tioned conditions.70) Fig. 11(a) schematically illustrates the

very early stage of sintering in bimodal mixtures such as a

thin electrolyte layer prepared by deposition of a chemical

solution containing nanoparticles. Here, the sol matrix par-

ticles (d2) adhered to nanoparticles (d1) detach from the local

domains of sol matrix particles during the early stage of sin-

tering, and rearrange themselves as integrated parts of dis-

persed nanoparticles. Weiser and De Jonghe suggested that

the “effective volume” effect arose from an invariant matrix

shell composed of one matrix grain attached to the dis-

persed nanoparticles.70) Basically, as the dispersed particle

size decreases, the effective volume fraction will signifi-

cantly increase as shown in Fig. 11(b). When the sizes of dis-

Fig. 10. Schematic illustrations of cluster-cluster interac-
tions corresponding to different YSZ nanoparticle
additions: (a) 5 vol% and (b) 9 vol% in the early
stage of sintering, and (c) 5 vol% in the later stage
of sintering. 
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persed nanoparticles and sol matrix particles are about 20

nm and 3 nm, respectively, the effective volumes of

nanoparticles corresponding to 5 vol% and 9 vol% additions

are expected to be about 11 vol% and 20 vol%, respectively.

Thus, once the sol matrix particles in direct contact with

nanoparticles are immobilized by necking, the effective vol-

ume fraction substantially increase from 9 vol% to nearly 20

vol% even in the very early stage of sintering. 

9. Optimization of YSZ/GDC Bilayer Electrolyte

In addition to the thermodynamic stability criterion of the

electrolyte coating layer in thickness-grain size relation,121)

another technical criterion needs to be satisfied to achieve

structural stability on a porous substrate. Usually, the

anode substrate is composed of support and functional lay-

ers, whose pore structures are significantly different. Aver-

age pore sizes of ~ 3 μm and ~ 180 nm have been reported

for the anode support layer and anode functional layer.

According to the damage formation map defining the film

stability, obtained by plotting film thickness versus pore

size, the minimum thickness of YSZ electrolyte coating

must be > 180 nm to avoid pore-induced defects.118) If the

YSZ electrolyte layer thickness is > 180 nm, it is expected to

be structurally stable throughout the fabrication process;

however, its stability cannot be guaranteed during opera-

tion due to the possible pore size and porosity increase

resulting from reduction of NiO to Ni. Therefore, on the

basis of the technical criteria (grain size and substrate pore

size) to achieve stable coating layers, it can be suggested

that the thickness of the electrolyte layer should be > 400

nm.121)

In addition to structural stability, the OCV is an extremely

important factor that determines the optimum configura-

tions of bilayer electrolytes in real systems. Thus, the OCV

has been a good indicator of increase in thickness of the YSZ

coating layer of YSZ/GDC bilayer electrolytes. It has been

reported that the OCV tends to increase with increasing

thickness of the YSZ coating from 100 to 400 nm in thin

YSZ/GDC bilayer electrolytes obtained by CSD.122) As the

YSZ layer thickness exceeds 400 nm, the OCV becomes

> 1.12 V, which is close to the theoretical value for a thick

Fig. 11. (a) Schematic illustration of effective volume frac-
tion effect for an invariant matrix shell and (b)
effective volume fractions calculated using various
combinations of d1 and d2.

Table 1. Comparison of Solution-Based Processing Techniques Used for the Production of Thin YSZ Electrolyte Layers and
Corresponding Cell Performances

Material Systems
Fabrication/

Sintering
Thickness Cell Configuration

Open Circuit Voltage &
Maximum Power Density

Ref.

YSZ nanopowder
GDC nanopowder
Zr·x(H3COOH)
Y(NO3)3·6H2O, 
Gd(NO3)3·6H2O, 
Ce(NO3)3·6H2O

Spin coating/
1100°C 

YSZ/GDC 
bilayer

100/400 nm

Ni-YSZ/(YSZ/GDC)/ 
LSCF

0.94 V at 650°C
1.35 W/cm2 at 650°C

[49]

Cathode infiltration 
(SSC)

1.72 W/cm2 at 650°C [122]

400/400 nm 1.12 V at 650°C [122]

YSZ suspension
Spin coating/

1350°C 
1–10 µm

NiO-SDC/YSZ/
YSB-Ag

1.08 V at 700°C
0.4 W/cm

2 
at 700°C

[123]

ZrOCl2·8H2O 
YCl6·6H2O
PVP

Spin coating/
1300°C 

0.5 µm
Ni-YSZ/4YSZ/

Pt-Pd
~ 1.05 V at 600°C [124]

Zr(C6H7O2)4 YCl3·6H2O
Ce(NO3)3·6H2O
((NH4)2Ce(NO3)6

Spray pyrolysis
(Subs. < 335°C)/ 

720°C 

YSZ/CYO 
bilayer
600 nm

Ni-YSZ/(YSZ/CYO)/ 
LSCF

1.01 V at 720°C
750 W/cm

2
 at 770°C

[125]

YSZ suspension 
(w/filtration)

Inkjet printing/
1400°C 

6 µm
Ni-YSZ/YSZ/

LSM-YSZ/LSM
1.02 V at 800°C

170 W/cm2 at 800°C
[120]
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YSZ electrolyte layer.122) However, for the YSZ/GDC bilayer

electrolytes with 100-nm and 300-nm-thick YSZ layers, the

OCVs are found to be 0.94 V and 1.07 V, respectively,122)

implying that these YSZ layers cannot completely protect

the GDC layer against the reducing atmosphere. In other

words, the GDC layer is exposed to the reducing atmo-

sphere caused by gas leakage through the YSZ layer, result-

ing in a reduced OCV. 

Finally, Table 1 compares the processing techniques and

performances of cells containing thin electrolytes produced

by spin coating of a solution or suspension. For reference,

the electrolyte layers produced by spray pyrolysis and inkjet

printing are also included. Judging from the OCV, the gas

tightness of electrolyte layers achieved through the spin

coating route is invariably superior to those achieved

through inkjet printing and spray pyrolysis.120,123-125) The dif-

ference in the gas tightness levels is related to the delivery

of wet source materials to substrates. Spin coating produces

a coating layer by rapidly spreading the solutions or suspen-

sions, which cover the entire substrate surface, essentially

in a continuous supply. In contrast, spray pyrolysis and ink-

jet printing require droplet formation for material delivery

to substrates, inevitably leading to partial drying near the

droplet surfaces, and presumably surface segregation of

organic substances by capillary migration. To obtain a coat-

ing layer with uniform particle packing, proper coalescence

of droplets and subsequent rearrangement of primary parti-

cles need to occur, which require sufficient liquid vehicle

and rapid redistribution, otherwise the electrolyte thickness

will have to be substantially increased for high gas-tight-

ness levels.126,127) Therefore, a proper selection of coating

technique has to be the first technical priority to achieve

thin electrolyte layers without processing defects. 

10. Summary

With the advent of new materials and refined cell configu-

rations, SOFCs have gone through numerous technical evo-

lutions, facilitating their widespread commercialization in

various application fields. According to cost analysis, the

material cost makes up about 80% of the stack manufactur-

ing cost, while the cell cost makes up about 50% of the stack

cost at all production volume. Cost reduction efforts have

been made though the adoption of thinner cells and stack

components, higher level of manufacturing automation, and

in-line quality assurance with particular emphasis on the

improvement of production yield and power density. In this

context, it is worthwhile to re-examine some of previous

studies from the standpoint of powder packing and con-

strained sintering of composite cathodes and thin electro-

lyte layers.

Studies performed in the field of ceramic processing sci-

ence have demonstrated that engineering reliability is a

matter of processing reliability. Various outstanding achieve-

ments made in the field of SOFCs must be systematically

supported by efficient processing for successful entry into

the commercial market. Powder processing is considered

the most efficient method to produce ceramics; however,

multiple processing steps can lead to the introduction of het-

erogeneities. Moreover, we have re-evaluated the optimum

compositions of composite cathodes reported in previous

investigations using the bimodal packing model. We find

that the considerable variation in the optimum composi-

tions originate from the different packing behaviors of pow-

ders in the consolidation processes. This reconfirms that the

initial mixing homogeneity of the dispersion structure must

be maintained and reproduced in the particle packing struc-

ture to achieve a uniform microstructure with excellent

engineering and processing reliability. 

The development of bimodal packing structures by intro-

ducing slow-sintering nanoparticles into chemical solutions

provides an exceptional opportunity to produce gas-tight

electrolyte thin films on porous substrates without major

defects. The structural integrity of electrolyte thin films

deposited on porous substrates can be guaranteed if the film

thickness is greater than the grain size of the electrolyte

layer and pore size of the substrate. The grain size, which is

greatly affected by the volume fraction of slow-sintering

nanoparticles, determines the nanoparticle cluster struc-

ture and rigidity. A modified bimodal packing model (1D)

can be used to explain the formation of uniaxial clusters and

rigidity of the clusters with low coordination numbers.

Moreover, controlling the lateral interaction between uniax-

ial clusters of slow-sintering nanoparticles appears to be the

most critical parameter to achieve flaw suppression and

controlled grain growth. Finally, a continuous manufactur-

ing technology must be designed and developed for SOFCs

to achieve economic competitiveness against other types of

fuel cells, which eventually can become a cost-effective tech-

nology in energy conversion and storage fields. 

Acknowledgments

This work was supported by the Korea Institute of Energy

Technology Evaluation and Planning (KETEP), a granted

financial resource from the Ministry of Trade, Industry &

Energy, Republic of Korea (No. 20173010032140), and the

institutional research program of the Korea Institute of Sci-

ence and Technology.

REFERENCES

1. A. Atkinson, S. Barnett, R. J. Gorte, J. Irvine, A. J. McE-

voy, M. Mogensen, S. C. Singhal, and J. Vohs, “Advanced

Anodes for High-Temperature Fuel Cells,” Nat. Mater., 3

[1] 17–7 (2004).

2. R. O’Hayre, S. W. Cha, W. Colella, and F. B Prinz, Fuel

Cell Fundamentals; Wiley, 2009.

3. K. Huang and J. B. Goodenough, Solid Oxide Fuel Cell

Technology: Principles, Performance and Operations; Else-

vier, 2009.

4. J. T. Irvine, D. Neagu, M. C. Verbraeken, C. Chatzichrist-



142 Journal of the Korean Ceramic Society - Hae-Weon Lee et al. Vol. 56, No. 2

odoulou, C. Graves, and M. B. Mogensen, “Evolution of

the Electrochemical Interface in High-Temperature Fuel

Cells and Electrolysers,” Nat. Energy, 1 [1] 15014 (2016).

5. W. H. Kan and V. Thangadurai, “Challenges and Pros-

pects of Anodes for Solid Oxide Fuel Cells (SOFCs),” Ion-

ics, 21 [2] 301–18 (2015).

6. E. D. Wachsman and K. T. Lee, “Lowering the Tempera-

ture of Solid Oxide Fuel Cells,” Science, 334 [6058] 935–39

(2011).

7. J. Huijsmans, F. Van Berkel, and G. Christie, “Intermedi-

ate Temperature SOFC–a Promise for the 21st Century,”

J. Power Sources, 71 [1–2] 107–10 (1998).

8. N. Q. Minh and T. Takahashi, Science and Technology of

Ceramic Fuel Cells, Elsevier Science B.V., Amsterdam,

1995.

9. A. S. Thorel, “Tape Casting Ceramics for High Tempera-

ture Fuel Cell Applications, Ceramic Materials,” pp. 1−68

in Ceramic Materials. Ed. By W. Wunderlich, Sciyo, 2010.

10. A. B. Stambouli and E. Traversa, “Solid Oxide Fuel Cells

(SOFCs): a Review of an Environmentally Clean and Effi-

cient Source of Energy,” Renewable Sustainable Energy

Rev., 6 [5] 433–55 (2002).

11. S. C. Singhal, “Solid Oxide Fuel Cells for Stationary,

Mobile, and Military Applications,” Solid State Ionics, 152

405–10 (2002).

12. B. Zhu, “Functional Ceria–Salt-Composite Materials for

Advanced ITSOFC Applications,” J. Power Sources, 114

[1] 1–9 (2003).

13. D. Nikbin, “Micro SOFCs: Why Small is Beautiful,” Fuel

Cell Review, 3 [2] 21–4 (2006).

14. S. C. Singhal, “Solid Oxide Fuel Cells,” Electrochem. Soc.

Interface, 16 41–4 (2007).

15. S. C. Singhal and K. Kendall, High-Temperature Solid

Oxide Fuel Cells: Fundamentals, Design and Applica-

tions; Elsevier, 2003.

16. J. Fergus, R. Hui, X. Li, D. P. Wilkinson, and J. Zhang,

Solid Oxide Fuel Cells: Materials Properties and Perfor-

mance; CRC Press, Taylor & Francis Group, 2016.

17. L. Fan, C. Wang, M. Chen, and B. Zhu, “Recent Develop-

ment of Ceria-Based (Nano) Composite Materials for Low

Temperature Ceramic Fuel Cells and Electrolyte-Free

Fuel Cells,” J. Power Sources, 234 154–74 (2013).

18. V. Haanappel, “Advances in Solid Oxide Fuel Cell Devel-

opment between 1995 and 2010 at Forschungszentrum

Jülich GmbH, Germany,” pp. 247–74 in Fuel Cell Science

and Engineering. Ed. by D. Stolten and B. Emonts, Wiley-

VCH Verlag GmbH & Co. KGaA; 2012.

19. A. Bieberle-Hutter, D. Beckel, U. P. Muecke, J. L. Rupp,

A. Infortuna, and L. J. Gauckler, “Micro-Solid Oxide Fuel

Cells as Battery Replacement,” MST News, 4 12 (2005).

20. D. Beckel, A. Bieberle-Hütter, A. Harvey, A. Infortuna, U.

P. Muecke, M. Prestat, J. L. Rupp, and L. J. Gauckler,

“Thin Films for Micro Solid Oxide Fuel Cells,” J. Power

Sources, 173 [1] 325–45 (2007).

21. N. Q. Minh, “Solid Oxide Fuel Cell Technology—Features

and Applications,” Solid State Ionics, 174 [1–4] 271–77

(2004).

22. F. Tietz, H.-P. Buchkremer, and D. Stöver, “Components

Manufacturing for Solid Oxide Fuel Cells,” Solid State

Ionics, 152 373–81 (2002).

23. Y. Leng, S. Chan, K. Khor, and S. Jiang, “Performance

Evaluation of Anode-Supported Solid Oxide Fuel Cells

with Thin Film YSZ Electrolyte,” Int. J. Hydrogen Energy,

29 [10] 1025–33 (2004).

24. L. Blum, L. B. De Haart, J. Malzbender, N. H. Menzler, J.

Remmel, and R. Steinberger-Wilckens, “Recent Results in

Jülich Solid Oxide Fuel Cell Technology Development,” J.

Power Sources, 241 477–85 (2013).

25. C. Sun and U. Stimming, “Recent Anode Advances in

Solid Oxide Fuel Cells,” J. Power Sources, 171 [2] 247–60

(2007).

26. R. Scataglini, M. Wei, A. Mayyas, S. Chan, T. Lipman,

and M. Santarelli, “A Direct Manufacturing Cost Model

for Solid-Oxide Fuel Cell Stacks,” Fuel Cells, 17 [6] 825–

42 (2017).

27. J. Otomo, J. Oishi, T. Mitsumori, H. Iwasaki, and K.

Yamada, “Evaluation of Cost Reduction Potential for 1

kW Class SOFC Stack Production: Implications for SOFC

Technology Scenario,” Int. J. Hydrogen Energy, 38 [33]

14337–47 (2013).

28. K. Sopian and W. R. W. Daud, “Challenges and Future

Developments in Proton Exchange Membrane Fuel Cells,”

Renewable energy, 31 [5] 719–27 (2006).

29. I. Bar-On, R. Kirchain, and R. Roth, “Technical Cost Anal-

ysis for PEM Fuel Cells,” J. Power Sources, 109 [1] 71–5

(2002).

30. V. Mehta and J. S. Cooper, “Review and Analysis of PEM

Fuel Cell Design and Manufacturing,” J. Power Sources,

114 [1] 32–53 (2003).

31. B. D. James, A. B. Spisak, and W. G. Colella, Manufactur-

ing Cost Analysis of Stationary Fuel Cell Systems; Strate-

gic Analysis Inc. Arlington, VA, 2012.

32. R. Mueke, “Introduction to SOFC Technologies: Manufac-

turing of SOFCs,” Joint European Summer School for

Fuel Cell and Hydrogen Technology, Viterbo, Italy, 2011.

33. R. Knibbe, J. Hjelm, M. Menon, N. Pryds, M. Søgaard, H.

J. Wang, and K. Neufeld, “Cathode–Electrolyte Interfaces

with CGO Barrier Layers in SOFC,” J. Am. Ceram. Soc.,

93 [9] 2877–83 (2010).

34. A. Tsoga, A. Gupta, A. Naoumidis, and P. Nikolopoulos,

“Gadolinia-Doped Ceria and Yttria Stabilized Zirconia

Interfaces: Regarding Their Application for SOFC Tech-

nology,” Acta Mater., 48 [18-19] 4709–14 (2000).

35. X.-D. Zhou, B. Scarfino, and H. U. Anderson, “Electrical

Conductivity and Stability of Gd-Doped Ceria/Y-doped

Zirconia Ceramics and Thin Films,” Solid State Ionics,

175 [1–4] 19–22 (2004).

36. G. C. Kostogloudis and C. Ftikos, “Chemical Compatibil-

ity of RE1−xSrxMnO3±δ (RE= La, Pr, Nd, Gd, 0 ≤ x ≤ 0.5)

with Yttria Stabilized Zirconia Solid Electrolyte,” J. Eur.

Ceram. Soc., 18 [12] 1707–10 (1998).

37. J. Labrincha, F. Marques, and J. Frade, “Protonic and

Oxygen-Ion Conduction in SrZrO3-Based Materials,” J.

Mater. Sci., 30 [11] 2785–92 (1995).

38. S. P. Simner, J. P. Shelton, M. D. Anderson, and J. W.

Stevenson, “Interaction between La(Sr)FeO3 SOFC Cath-

ode and YSZ Electrolyte,” Solid State Ionics, 161 [1-2] 11–

8 (2003).



March  2019 Powder Packing Behavior and Constrained Sintering in Powder Processing of Solid Oxide Fuel Cells (SOFCs) 143

39. F. Tietz, D. Sebold, A. Brisse, and J. Schefold, “Degrada-

tion Phenomena in a Solid Oxide Electrolysis Cell after

9000 h of Operation,” J. Power Sources, 223 129–35 (2013).

40. H. Shi, R. Ran, and Z. Shao, “Wet Powder Spraying Fabri-

cation and Performance Optimization of IT-SOFCs with

Thin-Film ScSZ Electrolyte,” Int. J. Hydrogen Energy, 37

[1] 1125–32 (2012).

41. T. L. Nguyen, K. Kobayashi, T. Honda, Y. Iimura, K.

Kato, A. Neghisi, K. Nozaki, F. Tappero, K. Sasaki, and

H. Shirahama, “Preparation and Evaluation of Doped

Ceria Interlayer on Supported Stabilized Zirconia Electro-

lyte SOFCs by Wet Ceramic Processes,” Solid State Ion-

ics, 174 [1–4] 163–74 (2004).

42. D. Wang, J. Wang, C. He, Y. Tao, C. Xu, and W. G. Wang,

“Preparation of a Gd0.1Ce0.9O2−δ Interlayer for Intermedi-

ate-Temperature Solid Oxide Fuel Cells by Spray Coat-

ing,” J. Alloys Compd., 505 [1] 118–24 (2010).

43. Z. Gao, V. Y. Zenou, D. Kennouche, L. Marks, and S. A.

Barnett, “Solid Oxide Cells with Zirconia/Ceria Bi-Layer

Electrolytes Fabricated by Reduced Temperature Firing,”

J. Mater. Chem. A, 3 [18] 9955–64 (2015).

44. D. Chen, G. Yang, Z. Shao, and F. Ciucci, “Nanoscaled

Sm-Doped CeO2 Buffer Layers for Intermediate-Tempera-

ture Solid Oxide Fuel Cells,” Electrochem. Commun., 35

131–34 (2013).

45. H.-S. Noh, K. J. Yoon, B.-K. Kim, H.-J. Je, H.-W. Lee, J.-

H. Lee, and J.-W. Son, “The Potential and Challenges of

Thin-Film Electrolyte and Nanostructured Electrode for

Yttria-Stabilized Zirconia-Base Anode-Supported Solid

Oxide Fuel Cells,” J. Power Sources, 247 105–11 (2014).

46. T. Tsai, E. Perry, and S. Barnett, “Low-Temperature Solid-

Oxide Fuel Cells Utilizing Thin Bilayer Electrolytes,” J.

Electrochem. Soc., 144 [5] L130–32 (1997).

47. D.-H. Myung, J. Hong, K. Yoon, B.-K. Kim, H.-W. Lee, J.-

H. Lee, and J.-W. Son, “The Effect of an Ultra-Thin Zirco-

nia Blocking Layer on the Performance of a 1-μm-Thick

Gadolinia-Doped Ceria Electrolyte Solid-Oxide Fuel Cell,”

J. Power Sources, 206 91–6 (2012).

48. Z. Lu, J. Hardy, J. Templeton, J. Stevenson, D. Fisher, N.

Wu, and A. Ignatiev, “Performance of Anode-Supported

Solid Oxide Fuel Cell with Thin Bi-Layer Electrolyte by

Pulsed Laser Deposition,” J. Power Sources, 210 292–96

(2012).

49. E. O. Oh, C. M. Whang, Y. R. Lee, S. Y. Park, D. H. Prasad,

K. J. Yoon, J. W. Son, J. H. Lee, and H. W. Lee, “Extremely

Thin Bilayer Electrolyte for Solid Oxide Fuel Cells (SOFCs)

Fabricated by Chemical Solution Deposition (CSD),” Adv.

Mater., 24 [25] 3373–77 (2012).

50. E.-O. Oh, C.-M. Whang, Y.-R. Lee, J.-H. Lee, K. J. Yoon,

B.-K. Kim, J.-W. Son, J.-H. Lee, and H.-W. Lee, “Thin

Film Yttria-Stabilized Zirconia Electrolyte for Intermedi-

ate-Temperature Solid Oxide Fuel Cells (IT-SOFCs) by

Chemical Solution Deposition,” J. Eur. Ceram. Soc., 32 [8]

1733–41 (2012).

51. E.-O. Oh, C.-M. Whang, Y.-R. Lee, S.-Y. Park, D. H. Prasad,

K. J. Yoon, B.-K. Kim, J.-W. Son, J.-H. Lee, and H.-W.

Lee, “Fabrication of Thin-Film Gadolinia-Doped Ceria

(GDC) Interdiffusion Barrier Layers for Intermediate-

Temperature Solid Oxide Fuel Cells (IT-SOFCs) by Chemi-

cal Solution Deposition (CSD),” Ceram. Int., 40 [6] 8135–

42 (2014).

52. X. Zhang and M. Robertson, C. Deces-Petit, Y. Xie, R. Hui,

S. Yick, E. Styles, J. Roller, O. Kesler, R. Maric, “NiO–

YSZ Cermets Supported Low Temperature Solid Oxide

Fuel Cells,” J. Power Sources, 161 [1] 301–7 (2006).

53. N. Q. Minh, “Ceramic Fuel Cells,” J. Am. Ceram. Soc., 76

[3] 563–88 (1993).

54. O. Yamamoto, “Solid Oxide Fuel Cells: Fundamental Aspects

and Prospects,” Electrochim. Acta, 45 [15–16] 2423–35

(2000).

55. S. C. Singhal, “Advances in Solid Oxide Fuel Cell Technol-

ogy,” Solid State Ionics, 135 [1–4] 305–13 (2000).

56. L. Blum, L. De Haart, J. Malzbender, N. Margaritis, and

N. H. Menzler, “Anode-Supported Solid Oxide Fuel Cell

Achieves 70000 Hours of Continuous Operation,” Energy

Technol., 4 [8] 939–42 (2016).

57. C. Duan, J. Tong, M. Shang, S. Nikodemski, M. Sanders,

S. Ricote, A. Almansoori, and R. J. S. O’Hayre, “Readily

Processed Protonic Ceramic Fuel Cells with High Perfor-

mance at Low Temperatures,” Science, 349 [6254] 1321–

26 (2015).

58. H. An, H.-W. Lee, B.-K. Kim, J.-W. Son, K. J. Yoon, H.

Kim, D. Shin, H.-I. Ji, and J.-H. Lee, “A 5 × 5 cm2 Protonic

Ceramic Fuel Cell with a Power Density of 1.3 W cm–2 at

600°C,” Nat. Energy, 3 [10] 870 (2018).

59. F. Han, R. Mücke, T. Van Gestel, A. Leonide, N. H. Men-

zler, H. P. Buchkremer, and D. Stöver, “Novel High-Per-

formance Solid Oxide Fuel Cells with Bulk Ionic Conductance

Dominated Thin-Film Electrolytes,” J. Power Sources,

218 157–62 (2012).

60. J.-D. Kim, G.-D. Kim, J.-W. Moon, H.-W. Lee, K.-T. Lee,

and C.-E. Kim, “The Effect of Percolation on Electrochem-

ical Performance,” Solid State Ionics, 133 [1–2] 67–77

(2000).

61. M. Park, H. Y. Jung, J. Y. Kim, H. Kim, K. J. Yoon, J.-W.

Son, J.-H. Lee, B.-K. Kim, and H.-W. Lee, “Effects of Mix-

ing State of Composite Powders on Sintering Behavior of

Cathode for Solid Oxide Fuel Cells,” Ceram. Int., 43 [15]

11642–47 (2017).

62. V. Haanappel, J. Mertens, D. Rutenbeck, C. Tropartz, W.

Herzhof, D. Sebold, and F. Tietz, “Optimisation of Pro-

cessing and Microstructural Parameters of LSM Cathodes

to Improve the Electrochemical Performance of Anode-

Supported SOFCs,” J. Power Sources, 141 [2] 216–26 (2005).

63. H. S. Song, W. H. Kim, S. H. Hyun, J. Moon, J. Kim, and

H.-W. Lee, “Effect of Starting Particulate Materials on

Microstructure and Cathodic Performance of Nanoporous

LSM–YSZ Composite Cathodes,” J. Power Sources, 167

[2] 258–64 (2007).

64. M. J. Jørgensen, S. Primdahl, C. Bagger, and M. Mogensen,

“Effect of Sintering Temperature on Microstructure and

Performance of LSM–YSZ Composite Cathodes,” Solid

State Ionics, 139 [1–2] 1–11 (2001).

65. F. F. Lange, “Powder Processing Science and Technology

for Increased Reliability,” J. Am. Ceram. Soc., 72 [1] 3–15

(1989).

66. M. D. Sacks and T. Y. Tseng, “Preparation of SiO2 Glass

from Model Powder Compacts: II, Sintering,” J. Am. Ceram.



144 Journal of the Korean Ceramic Society - Hae-Weon Lee et al. Vol. 56, No. 2

Soc., 67 [8] 532–37 (1984).

67. H. W. Lee and M. D. Sacks, “Pressureless Sintering of

SiC-Whisker-Reinforced Al2O3 Composites: I, Effect of

Matrix Powder Surface Area,” J. Am. Ceram. Soc., 73 [7]

1884–93 (1990).

68. T. S. Yeh and M. D. Sacks, “Effect of Green Microstruc-

ture on Sintering of Alumina,” Ceramic. Trans., 7 309–31

(1990).

69. L. C. De Jonghe, M. N. Rahaman, and C. J. Hsueh, “Tran-

sient Stresses in Bimodal Compacts during Sintering,”

Acta Mater., 34 [7] 1467–71 (1986).

70. M. W. Weiser and L. C. De Jonghe, “Inclusion Size and

Sintering of Composite Powders,” J. Am. Ceram. Soc., 71

[3] C125–27 (1988).

71. O. Sudre and F. F. Lange, “Effect of Inclusions on Densifi-

cation: I, Microstructural Development in an Al2O3 Matrix

Containing a High Volume Fraction of ZrO2 Inclusions,”

J. Am. Ceram. Soc., 75 [3] 519–24 (1992).

72. O. Sudre, G. Bao, B. Fan, F. F. Lange, and A. G. Evans,

“Effect of Inclusions on Densification: II, Numerical Model,”

J. Am. Ceram. Soc., 75 [3] 525–31 (1992).

73. O. Sudre and F. F. Lange, “The Effect of Inclusions on

Densification; III, the Desintering Phenomenon,” J. Am.

Ceram. Soc., 75 [12] 3241–51 (1992).

74. M. Rahaman and L. C. De Jonghe, “Effect of Rigid Inclu-

sions on the Sintering of Glass Powder Compacts,” J. Am.

Ceram. Soc., 70 [12] C348–51 (1987).

75. D. Stauer, A. Aharony, Introduction to Percolation The-

ory; Taylor and Francis, London, 1994.

76. M. Sahini and M. Sahimi, Applications of Percolation

Theory; CRC Press, 2014.

77. S. Timoshenko and J. N. Goodier, Theory of Elasticity;

McGraw-Hill, New York, 1982.

78. R. M. German, “Prediction of Sintered Density for Bimodal

Powder Mixtures,” Metal. Trans. A, 23 [5] 1455–65 (1992).

79. F. F. Lange, “Constrained Network Model for Predicting

Densification Behavior of Composite Powders,” J. Mater.

Res., 2 [1] 59–65 (1987).

80. H.-W. Lee, M. Park, J. Hong, H. Kim, K. J. Yoon, J.-W.

Son, J.-H. Lee, and B.-K. Kim, “Constrained Sintering in

Fabrication of Solid Oxide Fuel Cells,” Materials, 9 [8] 675

(2016).

81. J. V. Milewski, “The Combined Packing of Rods and

Spheres in Reinforcing Plastics,” Ind. Eng. Chem. Prod.

Res. Dev., 17 [4] 363–66 (1978).

82. J. V. Milewski, “Efficient Use of Whiskers in the Rein-

forcement of Ceramics,” Adv. Ceram. Mat., 1 36–41 (1986).

83. R. M. German, Particle Packing Characteristics; pp. 135–

80, Metal Powder Industries Federation, Princeton, 1989.

84. J. R. Wilson, A. T. Duong, M. Gameiro, H.-Y. Chen, K.

Thornton, D. R. Mumm, and S. A. Barnett, “Quantitative

Three-Dimensional Microstructure of a Solid Oxide Fuel

Cell Cathode,” Electrochem. Commun., 11 [5] 1052–56

(2009).

85. V. Dusastre and J. A. Kilner, “Optimisation of Composite

Cathodes for Intermediate Temperature SOFC Applica-

tions,” Solid State Ionics, 126 [1–2] 163–74 (1999).

86. E. P. Murray, M. Sever, and S. A. Barnett, “Electrochemi-

cal Performance of (La, Sr)(Co, Fe)O3–(Ce, Gd)O3 Compos-

ite Cathodes,” Solid State Ionics, 148 [1–2] 27–34 (2002).

87. J. Moon, J.-A. Park, S.-J. Lee, and T. Zyung, “Insight into

the Shear-Induced Ordering of Colloidal Particles by a

Spin-Coating Method,” Jpn. J. Appl. Phys., 47 [10R] 7968

(2008).

88. M. D. Sacks, “Properties of Silicon Suspensions and Cast

Bodies,” Am. Ceram. Soc. Bull., 63 [12] 1510 (1984).

89. D. J. Jeffrey and A. Acrivos, “The Rheological Properties

of Suspensions of Rigid Particles,” AlChE J., 22 [3] 417–

32 (1976).

90. W. H. Boersma, J. Laven, and H. N. Stein, “Shear Thick-

ening (Dilatancy) in Concentrated Dispersions,” AlChE

J., 36 [3] 321–32 (1990).

91. R. L. Hoffman, “Interrelationships of Particle Structure

and Flow in Concentrated Suspensions,” MRS Bull., 16

[8] 32–7 (1991).

92. D. J. Green, O. Guillon, and J. Rödel, “Constrained Sin-

tering: A Delicate Balance of Scales,” J. Eur. Ceram. Soc.,

28 [7] 1451–66 (2008).

93. O. Guillon, S. Krauß, and J. Rödel, “Influence of Thick-

ness on the Constrained Sintering of Alumina Films,” J.

Eur. Ceram. Soc., 27 [7] 2623–27 (2007).

94. O. Guillon, L. Weiler, and J. Rödel, “Anisotropic Micro-

structural Development during the Constrained Sintering

of Dip-Coated Alumina Thin Films,” J. Am. Ceram. Soc.,

90 [5] 1394–400 (2007).

95. J. Bernal and J. Mason, “Packing of Spheres: Co-Ordina-

tion of Randomly Packed Spheres,” Nature, 188 [4754]

910–11 (1960).

96. W. M. Visscher and M. Bolsterli, “Random Packing of

Equal and Unequal Spheres in Two and Three Dimen-

sions,” Nature, 239 [5374] 504–7 (1972).

97. E. Tory, N. Cochrane, and S. R. Waddell, “Anisotropy in

Simulated Random Packing of Equal Spheres,” Nature,

220 [5171] 1023–24 (1968).

98. R. Zallen, The Physics of Amorphous Solids; John Wiley &

Sons, 2008.

99. G. W. Scherer, “Viscous Sintering of Particle-Filled Com-

posites,” Ceram. Bull., 70 [6] 1059–63 (1991).

100. K. R. Iler, The Chemistry of Silica; pp. 480−488, John

Wiley & Sons, New York, 1979.

101. P. Plonczak, M. Joost, J. Hjelm, M. Søgaard, M. Lund-

berg, and P. V. Hendriksen, “A High Performance Ceria

Based Interdiffusion Barrier Layer Prepared by Spin-

Coating,” J. Power Sources, 196 [3] 1156–62 (2011).

102. R. K. Bordia and A. Jagota, “Crack Growth and Damage

in Constrained Sintering Films,” J. Am. Ceram. Soc., 76

[10] 2475–85 (1993).

103. F. F. Lange, “Processing-Related Fracture Origins: I,

Observations in Sintered and Isostatically Hot-Pressed

A12O3/ZrO2 Composites,” J. Am. Ceram. Soc., 66 [6] 396–

98 (1983).

104. F. F. Lange, “Densification of Powder Rings Constrained

by Dense Cylindrical Cores,” Acta Metall., 37 [2] 697–704

(1989).

105. R. Bordia and R. Raj, “Sintering Behavior of Ceramic

Films Constrained by a Rigid Substrate,” J. Am. Ceram.

Soc., 68 [6] 287–92 (1985).

106. G. W. Scherer and T. Garino, “Viscous Sintering on a



March  2019 Powder Packing Behavior and Constrained Sintering in Powder Processing of Solid Oxide Fuel Cells (SOFCs) 145

Rigid Substrate,” J. Am. Ceram. Soc., 68 [4] 216–20 (1985).

107. C. H. Hsueh, “Sintering of a Ceramic Film on a Rigid Sub-

strate,” Scripta Metall., 19 [10] 1213–17 (1985).

108. R. Zuo, E. Aulbach, and J. Rödel, “Viscous Poisson's Coef-

ficient Determined by Discontinuous Hot Forging,” J.

Mater. Res., 18 [9] 2170–76 (2003).

109. P. Z. Cai, D. J. Green, and G. L. Messing, “Constrained

Densification of Alumina/Zirconia Hybrid Laminates, I:

Experimental Observations of Processing Defects,” J. Am.

Ceram. Soc., 80 [8] 1929–39 (1997).

110. P. Z. Cai, D. J. Green, and G. L. Messing, “Constrained

Densification of Alumina/Zirconia Hybrid Laminates, II:

Viscoelastic Stress Computation,” J. Am. Ceram. Soc., 80

[8] 1940–48 (1997).

111. T. V. Gestel, D. Sebold, W. A. Meulenberg, and H.-P.

Buchkremer, “Development of Thin-Film Nano-Structured

Electrolyte Layers for Application in Anode-Supported

Solid Oxide Fuel Cells,” Solid State Ionics, 179 [11-12]

428–37 (2008).

112. T. V. Gestel, D. Sebold, and H. P. Buchkremer, “Process-

ing of 8YSZ and CGO Thin Film Electrolyte Layers for

Intermediate- and Low-Temperature SOFCs,” J. Eur.

Ceram. Soc., 35 [5] 1505–15 (2015).

113. Y. Pan, J. Zhu, M. Z. Hu, and E. A. Payzant, “Processing

of YSZ Thin Films on Dense and Porous Substrates,”

Surf. Coat. Technol., 200 [5-6] 1242–47 (2005).

114. K. Mehta, R. Xu, and A. V. Virkar, “Two-Layer Fuel Cell

Electrolyte Structure by Sol-Gel Processing,” J. Sol-Gel

Sci. Technol., 11 [2] 203–7 (1998).

115. H. Lin, C. Ding, K. Sato, Y. Tsutai, H. Ohtaki, M. Iguchi,

C. Wada, and T. Hashida, “Preparation of SDC Electro-

lyte Thin Films on Dense and Porous Substrates by Modi-

fied Sol–Gel Route,” Mater. Sci. Eng., B, 148 [1–3] 73–6

(2008).

116. C. Peters, A. Weber, B. Butz, D. Gerthsen, and E. Ivers-

Tiffée, “Grain-Size Effects in YSZ Thin-Film Electrolytes,”

J. Am. Ceram. Soc., 92 [9] 2017–24 (2009).

117. K. Lee, J. Kang, S. Jin, S. Lee, and J. Bae, “A Novel Sol–

Gel Coating Method for Fabricating Dense Layers on

Porous Surfaces Particularly for Metal-Supported SOFC

Electrolyte,” J. Int. Hydrogen Energy, 42 [9] 6220–30

(2017).

118. L. C. De Jonghe, C. P. Jacobson, and S. J. Visco, “Sup-

ported Electrolyte Thin Film Synthesis of Solid Oxide

Fuel Cells,” Annu. Rev. Mater. Res., 33 [1] 169–82 (2003).

119. I.-Y. Kim, M. Biswas, J. Hong, K. J. Yoon, J.-W. Son, J.-H.

Lee, B.-K. Kim, H.-J. Je, and H.-W. Lee, “Effect of Inter-

nal and External Constraints on Sintering Behavior of

Thin Film Electrolytes for Solid Oxide Fuel Cells (SOFCs),”

Ceram. Int., 40 [8] 13131–38 (2014).

120. R. Tomov, M. Krauz, J. Jewulski, S. Hopkins, J. Kluczowski,

D. Glowacka, and B. A. Glowacki, “Direct Ceramic Inkjet

Printing of Yttria-Stabilized Zirconia Electrolyte Layers

for Anode-Supported Solid Oxide Fuel Cells,” J. Power

Sources, 195 [21] 7160–67 (2010).

121. K. Miller, F. Lange, and D. B. Marshall, “The Instability

of Polycrystalline Thin Films: Experiment and Theory,” J.

Mater. Res., 5 [1] 151–60 (1990).

122. E.-O. Oh, Thin Film Solid Oxide Fuel Cells (SOFCs) Fab-

ricated by Chemical Solution Deposition (CSD) Route for

Intermediate Temperature Operation, Ph.D. Thesis, Inha

University, Incheon, 2012.

123. X. Xu, C. Xia, S. Huang, and D. Peng, “YSZ Thin Films

Deposited by Spin-Coating for IT-SOFCs,” Ceram. Int., 31

[8] 1061–64 (2005).

124. Y.-Y. Chen and W.-C. J. Wei, “Processing and Characteri-

zation of Ultra-Thin Yttria-Stabilized Zirconia (YSZ) Elec-

trolytic Films for SOFC,” Solid State Ionics, 177 [3–4]

351–57 (2006).

125. D. Perednis and L. J. Gauckler, “Solid Oxide Fuel Cells

with Electrolytes Prepared via Spray Pyrolysis,” Solid

State Ionics, 166 [3–4] 229–39 (2004).

126. D. Young, A. Sukeshini, R. Cummins, H. Xiao, M. Rott-

mayer, and T. Reitz, “Ink-Jet Printing of Electrolyte and

Anode Functional Layer for Solid Oxide Fuel Cells,” J.

Power Sources, 184 [1] 191–96 (2008).

127. W. Bao, G. Zhu, J. Gao, and G. Meng, “Dense YSZ Electro-

lyte Films Prepared by Modified Electrostatic Powder

Coating,” Solid State Ionics, 176 [7–8] 669–74 (2005).


