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NONDESTRUCTI_'E CHARACTERIZATION METHODS FOR
MONOLITHIC SOLID OXIDE FUEL CELLS

by

William A. Ellingson

ABSTRACT

Monolithic solid oxide fuel cells (MSOFCs) represent a potential

breakthrough in fuel cell technology, provided that reliable fabrication
methods can be developed. Fabrication difficulties arise in several steps of

the processing: First is the fabrication of uniform thin (305 }_m) single-layer
and trilayer gr,Jen tapes (the trilayer tapes of anode/electrolyte/cathode and
anode/interconnect/cathode must have similar coefficients of thermal

expansion to sinter uniformly and to have the necessary electrochemical

properties); Second is the development of fuel and oxidant channels in
which residual stresses are likely to develop in the tapes; Third is the
fabrication of a "complete" cell for which the bond quality between layers

and the quality of the trilayers must be established; and Last, attachment of
fuel and oxidant manifolds and verification of seal integrity.

The purpose of this report is to assess nondestructive characterization
methods that could be developed for application to laboratory, prototype,
and full-scale MSOFCs.

1 INTRODUCTION

Solid oxide fuel cells are under development for many widely varying

electric power generation applications, I-3 including central electric power
stations, transportation, and space-based uses. Fuel Sources may vary but

the two predominant fuels are hydrogen and oxygen. 4 The monolithic solid
oxide fuel cell (MOSFC) is an advanced design concept that places thin

(<100-300 I_m) ceramic components in a lightweight, compact structure
that uses the fuel and oxidant channels as part of its structure. Figure 1
shows schematically two MSOFC designs: a crossflow design in which the
fuel and oxidant flows are in different layers, and a coflow design in which
the fuel and oxidant flow in the same layer but in different channels. _fWo

key features of the MSOFC design are its self-supporting Structure and its
high energy density (i.e., small cell size). For one design, a 25-kVe "stack"
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of a crossflow design is only 37.5 x 37.5 x 34.4 cm high (14.75 x 14.75 x

13.5 in. high). The small s{ze of the individual cells in the MSOFC

minimizes voltage losses due to internal resistance, resulting in high

efficiency and improved perio nance.

CROSSFLOW COFLOW
DESIGN DESIGN

Fig. 1. Schematic diagram of flow-channel arrangements
in a monolithic solid oxide fuel cell

In this report, the processing of an MSOFC has been studied and
observations have been made on how nondestructive characterization might

be applied at each process step. To better understand why certain
nondestructive characterization methods are selected, it is important to

understand the basic operating principle of a fuel cell and its fabrication

process. These descriptions are followed by an interrelated discussion of

processing and the nondestructive characterization methods selected for

each process stage.

2 BACKGROUND OF MONOLITHIC SOLID OXIDE F'OEL CELLS

The MSOFC design was first proposed by Argonne National Laboratory
in 1983.

Basic Operating Principles

In an MSOFC that operates at 1000°C, fuel and oxidant produce direct

current by combining electrochemically across a solid oxide electrolyte.

Oxygen in the oxidant flowing through the cathode accepts electrons from

the incoming circuit to form oxygen ions. The oxygen ions are conducted
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through the dense electrolyte to the anode. At the anode, oxygen ions
combine with hydrogen to lbrm water vapor and liberate electrons, as shown
in Fig. 2. Cells of an MSOFC are connected in series by a ceramic
interconnect to build up the voltage. The interconnect carries electrons
from the anode of one cell to the cathode of the next in electrical series.

In the coflow design, the MSOFC consists of a honeycomb-like array of
adjacent fuel and oxidant channels that resemble ordinary corrugated
paperboard (Fig. 3). Oxidant channels are lined with a porous cathode, and
fuel channels are lined with a porous anode. A fully dense electrolyte is
located between the anode and cathode. An interconnect, which is also fully

dense, links the cells in electrical series. As can be seen in Fig. 3, the
MSOFC is made of two types of laminated structures, each composed of
three different ceramic compositions--anode/electrolyte/cathode (A/E/C)
and anode/interconnect/cathode (A/I/C). The corrugations form gas seals at
the edges of the monolithic structure.

In the crossflow design, fuel and oxidant channels are formed by the
corrugated anode and cathode layers that are oriented at right angles to
each other (Fig. 4).

2CO + 20-----_ 2CO2 + 4e-

r2H.2. + 20_ _ 2H20 + 4e-
e"

iiii

A

, T

,

02 + 4e----_ 20-

Fig. 2. Operating principle of the monolithic solid oxide fuel cell.
(Figure courtesy of Gas Research Inst., Chicago, IL.)
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Fig. 3. Schematic diagram of coflow monolithic solid oxide fuel cell

The A/E/C and A/I/C composites are flat and stacked alternately
between fuel and oxidant channels. The crossflow design results in a

reduction in power density by a factor of about 2 relative to the coflow

design; however, the crossflow design also offers simpler ducting of fuel and
oxidant (manifolding). Because of this, the crossflow design is being

developed first and is the focus of this report.

CATHOOE - JANOOE_
= ANODE v \\ _

FUE _ CATHOOE

OXIDANT

Fig. 4. Schematic _liagram of crossflow monolithic solid oxide
fuel cell



Composition and Properties of Individual Components

Each component is significantly different in rheinical composition and

in required properties. These are briefly discussed below and are
summarized In Table i.

• Electrolyte (yttria-stabilized zirconia): Yttria-stabilized zirconia

(YSZ) is the preferred solid electrolyte in most solid oxide fuel

cells. The required properties of the electrolyte are high ionic

conductivity, no gas leakage, high mechanical strength, and

chemical compatibility with electrode materials and reaction

gases.

* Cathode (strontium-doped lanthanum manganite): At present,

Sr-doped LaMnO3 (10 tool% Sr) is used as the MSOFC cathode

material. The electrical resistivity of Sr-doped LaMnO3 at 1000°C

{e.g., 84 ohm-l-cre -1 at 75% density) exceeds the requirement
for MSOFC cathodes (see Tabi_ _ l).

Strontium doping enhances the electronic conductivity of

LaMnO3. The thermal expansion coefficient of the material is

about 11.5 x 10-6°C-1 (room temperature to 1000°C), closely

matching that of zirconia. One concern about LaMnO3 as the

cathode material for the MSOFC is manganese migration during

processing and operation. Manganese is a very mobile species and

can easily diffuse into the electrolyte in the range of the sintering

temperature for the MSOFC.

• Anode (nickel/zirconia cermet): Due to the reducing atmosphere

of the fuel gas, metals can be used as electrode materials for the

MSOFC anode. Ni_.kel has been found to be particularly suitable.
The functions of the zirconia in the MSOFC anode are to

(a) Support the metallic nickel particles.

(b) Inhibit coarsening of the metallic particles at the fuel cell

operating temperature.

(c) Provide an anode thermal expansion coefficient acceptably

close to those of the other cell components.



8



One concern with the nickel/zirconia cermet anode in the MSOFC

is the high thermal expansion coefficient relative to the anode,
interconnect, and electrolyte.

• Interconnect (doped lanthanum chromite): The electronic
conductivity of doped LaCrO3 depends on the partial pressure of
oxygen. The resistivity of the material exposed to fuel on one side
and to oxidant on the other is about 5 ohm-l-cm-I at 1000°C.

The coefficients of thermal expansion have been found to be in the
range of 8 x 10 -6 to 11 x 10 -6 °C-I, depending on the type and amount of
dopant present. For strontium-doped materials, it is about 10.7 x 10 .6 °C-I
(room temperature to 1000°C). Thus, the thermal expansion properties of

Sr-doped LaCrO3 are similar to those of ZrO2.

LaCrO3 is very difficult to densify under ambient ai-_ospheric

conditions. The sintering of LaCrO3 to high densities req._,_es firing
temperatures greater than 1600°C under low oxygen partial pressures.
Sintering aids have been used to improve the sinterability of LaCrO3.

Fabrication

Discussion of Hot-RoUed Calendering and
Corrugation Processes

The reliability of each fabrication step dominates the viability of the
IvISOFC. MSOFC stacks must be fabricated reproducibly without defects.
Different defect types, however, can be introduced at each step of the

fabrication process. In addition, current laboratory-scale fabrication
processes must be viewed with an eye toward scale-up to commercialization.

As noted earlier, a major technical challenge in developing the MSOFC
involves several details in fabricating the monolithic structure from special

thin (<100-300 _m) ceramic single layers or trilayers. 5 Fabrication of the
MSOFC requires many steps, including powder characterization, blending of
powders and additives, forming thin ceramic component layers as green
(unfired) bodies, laminating green tapes into trilayer compgsites, forming
the fuel and oxidant channels in the green tapes, sintering the structure at

elevated temperatures to form the requisite integral monolithic structure,
and applying proper manifolding for transport of fuel and oxidant.



The fabrication methodology being developed for the MSOFC is
hot-rolled-c_'enderi_g, _--7 One of the advantages of this technique is its
ability to "na_lle the large-quantity and large-scale production anticipated for
commercial scale-up conditions. Calendering can produce thin, uniform,
strong and flexible single or multilayer tapes.(8-I0) Initial work conducted at
the AiResearch Los Angeles Division (ALAD) of Allied-Signal has
demonstrated the suitability of the calendering technique for fabricating
MSOFCs.

The fabrication scheme for the MSOFC based on the calendering
technique is shown in Fig. 5. Ceramic powders, binders, and plasticizers are
first blended in a mill and then mixed in a second blending mixer. The
material plasticizes due to heat of friction during mixing and forms a
plastic-like mass that is then calendered into a thin fiat tape by a two-roll
mill.

The calendering ni_ _od uses two counterrotating chromium-coated
stainless steel rollers w-lth independent variable speed control. The

temperature of the two rollers is regulated by independently controlled,
circulating oil baths, and the separation between the rollers is adjustable to
allow tape thickness to be controlled.

Single Cell

FuPI Elecliode P¢lwder Fuel Ei_.ctrode / lal_ _--.

V_I.LTC_O ,,. -- -_-_ "_- "2,.

Inlezconn_cl Powd_¢ Tool Emboss_.d Single

Plasllc Bmde¢ Cell TapP.

._.iC°)_Vi
_---_ ""_-_-----* _(o)\ .,,,.,=°°_o,c",,_o,,,_ ou,'""'=°°_'°°_,,e ¢

Hl_h l- nelgy _.__i OJ, ygen
Tape Layers to f_¢!%-.

Ml_e_ Two Roll [leclrode (i" . " _ _:_..

-ii
{ It!irl%Iii( {lit(iii I!l Pogl Cell Pll_lOfm

,_llt li Ii|lg f ufl"illce

Stn_lte Ce.ll

(_.oln.,.itt.'lt,d Monohllul Plagltc Blnder _8'11 arid Inlefconne_i

Fuel {;ell Mallii Extlacled Bonded Together Illle_conn_':.:1 -."

Layel

_t 7' Stack C etl and !nlel'corine, c| t ayers

Fig. 5. Fabrication scheme based on calendering
(Figure courtesy of Allied-Signal Aerospace Co.,
AlResearch Los Angeles Division.)
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Individual tapes are laminated together Jr, _, second rolling operation to

form trilayer tapes. The mechanical force in the second rolling operation

bonds the layers. Figure 6 shows a cross section of a green trilayer

composite fabricated by calendering.
..

To form the fuel and o_dant channels, single-layer tapes (305 _m

thick) are corrugated. The corrugation method is based on a compression

molding technique. A mold that is currently used to make corrugations in

single-layer tapes is shown in Fig. 7. The mold is made in top and bottom

halves, the top of rubber and the bottom half of aluminum. During

fabrication, the bottom half of the .mold is placed on a temperature-

controlled hot plate. A piece of the hot-calendered tape, cut to the

appropriate size, is held just above the warm corrugation mold, while the

top half of the mold is lowered to engage the corrugations. The top half of

the mold is lowered until the entire corrugated tape has been formed
between the two half molds. The mold is then cooled to room temperature,

the top of the mold is removed, and the corrugated tape is stripped from
the mold. The corrugations formed in this manner are rigid enough to

maintain their shape while the layers are being stacked to form the MSOFC

(Fig. 8).

Fig. 6. Photograph of cross section of green trilayer tape

fabricated by hot-rolled calendering. (Photo courtesy of

Allied-Signal Aerospace Co., AiResearch Los Angeles
Division.)
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Fig. 7. Photograph of mold used to produce fuel and
oxidant channels. (Photo courtesy of Allied-Signal

Aerospace Co., AiResearch Los Angeles Division.)

Fig. 8. Photo _ph of corrugated tape formed by compx _ssion molding.
(Photo _:ourtesy of Allied-Signal Aerospace Co., AiResearch

Los Angeles Division.)
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The corrugation method described above has several drawbacks for use
in large-size and large-scale production. The method, for example, can
stretch the materials over the radius points, resulting in local nonuniformity
of component layer thickness as well as introducing residual stresses.

Discussion of Component Properties

The compositions and densities of each MSOFC component are given in
Table 2, and tape thicknesses are given in Table 3.

Anode. The anode occurs in the crossflow design as both a planar layer
and a corrugated layer, lt is a porous (75% theoretical density) structure
whose composition is a mixture of nickel oxide and YSZ, which reduces to a

cermet of nickel and yttria-zircol,ia in-situ under the reducing atmosphere
of the fuel cell. The 25 vol.% porosity in the sintered tape is of the open
variety.

Electrolyte. Electrolyte occurs only in a planar trilayer in the crossflow

design. The thickness and the thicklness ratio of the trilayer tapes with
electrolytes were listed in Table 3. The electrolyte formulation includes an
organic binder and a plasticizer. The YSZ, representing 84 wt.% of the
green mix and 100 wt.% of the sintered layer, has been identified as a fully
stabilized zirconia (8% Y203- Zr02).

As with the anode, the "organics" are proprietary. The electrolyte Is an
impervious (95-100% "lD) solid ionic conductor with a TD of =6.0 g/cre 3.
The porosity in the less than fully dense material (5 vol.%) is of the closed
type.

The electrolyte layer in the MSOFC crossflow design is made by
cocalendering with the anode and cathode tapes before to cutting to size.
The electrolyte must be of a high density and crackfree; open porosity or
cracks will cause a chemical "short" with loss of efficiency. For the

crossflow design, the ratio of electrolyte-to-electrode thickness is 5:1. The
electrolyte will be the strongest or load-bearing member of the trilayer.
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Table 2. Tape compositions and densities

Green Sintered

Tape Weight Density Densit X
Component Formulation % (g/cm ;_) (g/cm J)

Electrolyte Yttria- 84.0
Zirconia

8.0 3.56 6.00

Binder 8.0 (59% TD) a (100% TD)
Plasticizer

Solvent

Cathode SrLaMnO3 79.6

Poreformer 4.0

Binder 8.2 3.44 5.20

Plasticizer 8.2 (50% TD) (75% TD;
TD = 6.84)

Solvent

Anode Yttria- 26.6
Zirconia

43.3

NiO 5.4
Additive

6.0 3.02 5.04
Poreformer

9.3 (47% TD) (75% TD;
Binder TD = 6.38)

r 9.3Plasticizer

Solvent b

Interconnect SrLaCrO3 85.6

Binder 7.2 3.89 6.66

Plasticizer 7.2 (58% TD) (100% TD)

Solvent b

aTD = theoretical density.

bAdded to achieve consistency.
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Table 3. Tape thickness for crossflow design

Green Tape Thickness

Tape Design and Trilayer Planar "-" Total
Component - in. l_m Thickness Ratio (_tm)

Trilayer Planar

Anode 0.0017 44

Electrolyte 0.0086 217 1:5:1 305

Cathode 0.0017 44

Anode 0.0048 122

Interconnect 0.0024 61 2: 1:2 305

Cathode 0.0048 122

Single-Layer
Corrugated

Anode 0.012 305 305
** 305

Cathode 0.012 305

Cathode, The cathode occurs in the crossflow design as both a planar

layer and a corrugated layer similar to the anode, lt is a 75% TD porous
electronic conductor with a TD of _-6.84 g/cm3_ The 25 vol.% of porosity

will be of the open variety. Sinterability of this oxidant electrode is high at

- the sintering temperature of interest, and this causes some problems of

porosity control.
l

Interconnect. The interconnect occurs only as a planar trilayer in the

= crossflow design, similar to the electrolyte. The interconnect formulation
also includes organic binder and plasticizers. The strontium-doped
lanthanum chromite represents 85.6 wt.% of the green mix and 100 wt.% of

the sintered tape in a fully dense, impervious layer.

The interconnect requires high electronic conductivity in both oxidiz-

- ing and reducing environments. In the sintered state, the interconnect is a
fully dense (95-100% TD) impervious electronic conductive perovskite with
a TD of approximately 6.66 g/cm 3.
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Discussion of Manifolding

Once several individual "cells" have been produced either by cofiring

together or by adhesive bonding (see Fig. 9), a method of manifolding is
necessary to transport fuel and oxidant. Two basic ideas are selected for

manifolding: external and internal.

Fig. 9. Photograph of several crossflow "cells" stacked together.

(Photo courtesy of Allied-Signal Aerospace Co., AiResearch

Los Angeles Division.)

External Manifolding. Figure i 0 shows a simplified conceptual design of a

crossflow MSOFC with externally manifolding formed by cementing

presintered cavity-type panels to the four faces of a "stack." Bus-bar

connections of some type would be cemented to the upper and lower faces
of the stack for series connections to form a module. Such a stack has the

advantages of simplicity and the possibility of modifications to the gas panel
design to include an encased multistack build-up.

Internal Manifolding. The second possible manifolding concept is shown

in Fig. 1 i. Present logic suggests that if such an internally manifolded
crossflow MSOFC were considered for manufacture, the manifold would be

constructed from alternate layers of electrolyte and interconnect with

inserts of anode and cathode planar and corrugated layers.

_
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0°,
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Fig. I0. External manifolding concept for crossflow design
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Fig. 1 I. Schematic diagram of internally manifolded crossflow

stack, showing manifold design

3 DETAILS OF CERAMIC PROCESSING, AND SUGGESTED

NONDESTRUCTIVE CHARACTERIZATION METHODS

FOR EACH PROCESSING STEP

In the previous sections, the basics of fabrication of fuel cell compo-

nents were outlined. We now consider an approach for nondestructive de-
tection of characteristics and defects of interest. We discuss these in the

four major material categories or fabrication steps"
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• Powders and Organic Additives.

• Blended Materials.

• As-Calendered Tapes.

• Debindering and Sintering.

For each of the four, a nondestructive characterization (NDC) approach is

suggested and briefly described. Where appropriate or possible, example
data are given.

Powders and Organic Additives

Powders

The quality and characteristics of starting powders are directly related

to the quality and uniformity of the final component(s). Smaller particle
sizes (<5-10 }_m)result in higher surface areas, but usually require excessive

organic binder and plasticizer to coat each small particle for tape

production. The resulting high organic content means that the solid loading
will be low in the green tape. Consequently, a high density is more difficult
to achieve during sintering. On the other hand, larger particles (>5-10 }_m)

may not have sufficient sinterability under achieveable sintering conditions.
Thus, the original powder characteristics of particle size, particle-size
distribution, surface area, morphology, etc., affect the fabrication process in

many significant ways, including (a) tnfluencing the amount of organic
binders and plasticizers required to form the green tape, (b) influencing the

porosity of the green tapes, (c) affecting sintering behavior, and (d)
influencing final porosity and ceramic-component microstructure. The

original powder characteristics must be tailored and optimized for each fuel
cell layer. Physical characteristics of a powder are of prime importance, and
their effects on part fabrication and quality are listed below.

• Large surface area/small particle size:
Enhances sinterability

• Equiaxed crystallites:
Improves packing density



17

* Narrow particle-size distribution:
Improves uniformity of microstructure

The larger the surface area, the greater the surface activity, and

consequently, the greater the sinterability (which is proportional to the
surface activity) of the powder. However, there are practical limits to this.

Small particle size and a narrow particle--size distribution usually results
in a homogeneous microstructure. This is desirable because, in general,
mechanical strength is inversely related to inhomogeneous microstructures,
i.e., for the same material the mechanical strength is greater as the grain
size of the ceramic is reduced.

Four groups of starting materials are used in the MSOFC:

• Yttria-stabilized zirconia (YSZ) powder for electrolytes and anodes.

• Strontium-doped lanthanum manganite (SrLaMnO3) powder for
cathodes.

° Strontium-doped lanthanum chromite (SrLaCrO3) powder for
interconnects.

• Nickel oxide (NiO) powder, also for anodes.

In each case, appropriate chemical and physical properties such as
surface area, particle size distribution, particle shape, chemical
composition, purity, and phase composition are necessary. Comments on
nondestructive characterization needs relative to each powder for each
component are discussed in the context of a review of each component.

Anode Powder. The formulation for the anode was given in Table 2.

The anode powder, YSZ-NiO, is readily available and does not present a large
source-variability problem. No special NDC effort is currently
recommended.

Cathode Powder. The formulation for the cathode was given in Table 2.

_though different formulations are used, one such formulation is
Sr0.1La0.9MnO3. The cathode is a 75% TD porous electronic conductor with
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a TD of 6.8 g/cm3. Sources of SrLaMnO3 powder for the cathode are not

readily available, and great care should be taken in the NDC of this powder.

Interconnect Powder. The formulation for the interconnect was given

in Table 2. Although many formulations are given, one interconnect

formulation could be Sro. I La0.9CrO3. Sources of SrLaMnO3 powder for the

cathode are not readily available, and we believe that great care should be

taken in characterizing this powder.

Electrolyte Powder. The formulation for the electrolyte was given in

Table 2. The YSZ has been identified as fully stabilized zirconia (8% Y203-
ZrO2).

Suggested NDC Methods for Powders

Of the four powders, YSZ and NiO are commercially available and

of high quality, while SrLaMn03 and SrLaCr03 are not and thus

deserve the most attention. Powders are extremely important,
and the parameters listed below must be measured.

0!_allographic Phases

By far, the predominant NDC teclmique for crystallographic

phase measurement is X-ray diffraction because of its ease,

convenience, speed, and the wealth of information it provides. 11

Other methods include infrafred (IR) and Raman spectroscopy. 12
Nuclear magnetic resonance (NMR) cannot be used because

none of the nuclei are NMR-sensitive. 13 The other methods are

used primarily to determine phase ratios, with IR spectroscopy

currently the most prevalent. Raman spectroscopy is used rarely

because of limited instrument availability but is demonstrably

useful in that very small fractions of a phase may be identified.

An advantage of the X-ray diffraction pattern is that it

immediately identifies the presence of the desired material; that

is, it answers the question of whether the powder is really what

it is supposed to be. lt also provides quantitative information on

the relative amounts of the phases and on the extent of powder

crystallinity. The presence of major impurities can also be

immediately deduced from X-ray diffraction data.
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Chemical analysis of a powder is often used to establish the

feasibility, reproducibility, and consistency of a synthesis technique

to produce powders. The two most prevalent techniques for the
determination of metallic impurities are emission spectrometry (ES)

and atomic absorption (AA). 14

Foreign Particles

The tolerance levels for metallic impurities vary, and it is

imperative that acceptable contaminants, rather than metallic

discrete particles or c,hunks, be homogeneously dispersed. The

deleterious effects of iron have been well established. We suggest

that high-magnification X-ray imaging methods using microfocus X-

ray sources be used to screen powders for foreign material before
characterization or use.

Surface Analysis _

Surface analytical methods determine the surface composition and

distribution of elemental species. Table 4 lists three instrumental

techniques used in surface studies.

Table 4. Surface analytical techniques

Minimum
Powder

Sample Detection Sampling
Size Limit Precision Depth

Method (mg) (%) (%) (A)

Electron Spectroscopy
for Chemical Analysis

(ESCA) 25 0.5-1 10-20 20-50

Auger Electron
Spectroscopy (AES) 5 0.2 2 20-50

Secondary Ion Mass
Spectroscopy (SIMS) 10 0.001 10 5- I0
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Particle Size and Distribution

Particle-size and particle--size distribution methods are shown below.

For fine powders, light scattering is the preferred method. Sedimen-

tation is too slow for fine submicrometer particles, and the measure-

ment may take hours. Examination of electron microscopic images is

tedious because it requires several samplings.

• Method:

-Light scattering.
-Sedimentation.

-Electron microscopy.

-Air permeability (assumes monosized spherical particles).

One additional technique provides an estimate of average particle
size, but not size distribution:

• Specific surface area determination by BET, which assumes

particle sphericity but has the unique advantage of being

independent of agglomeration.

In evaluating important powder properties, it will be important to use

complementary techniques to obtain valid estimates. At the same

time, it is not always necessary to determine all of a material's charac-

teristics, only those that pertain to and affect its application.

Currently, correlations between powder characteristics and ceramic

component performance is not well defined and is an area of intense

investigation.

Organic Additives

Organics used as binders, plasticizers, and solvents make up 30 wt.% of

all compositions of the cathode, electrolyte, and interconnect and nearly

20 wt.% of the anode. These additives significantly affect processing, lt is

important to note that from the standpoint of NDC, detailed knowledge of

each organic "additive" component is necessary, because each composition

gives rise to entirely different NMR spectra that might ultimately be used as

a diagnostic.
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Suggested NDC Methods for Organic Additives

Although the chemical composition of the organic additives is

carefully specified, small quantities of impurities could change the

behavior of the important powderadditive surface chemistry

routine. NMR and FTIR spectroscopic methods can be used to

validate the uniformity of the chemical compositions of the organic
additives.

Blended Materials

Blending

Previous research has shown that it is critical to introduce the

dispersing agent independent of other polymers in order to prevent

competition for the ceramic particulate surfaces and therefore to proc:uce

more uniform viscosities in the slurry.

Additional work has shown that adding the plasticizers to the mill prior
to the binder addition aids in the dissolution of the binder into the overall

slurry, lt is believed that this is due to the preferred solubility of the binder

in the plasticizer relative to its solubility in the solvent system. Milling is

usually performed in standard ball or jar mills and vibrating mills.

Conditioning

After blending, the slurry is ready to be conditioned for hot-rolled

calendering. The conditioning procedure consists of deairing the slurry

either by vacuum or by a slow-rolling or agitation step. From an NDC

standpoint, some form of characterization of the blended material, likely

NMR or FTIR spectroscopy, would be important to establish the

completeness of the blending, especially with materials used in the process
which have been "recycled" back into the process stream, as well as the

differences in local chemistry (i.e., at the powder/matrix interfaces).

Suggested NDC Methods for Blended Materials

The blended materials contain powder, binder, plasticizer, solvents,

and additives. Currently, ajar mill is used for initial blending,

followed by use of a Banbury mixer for follow-on blending.
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Especially critical is the distribution of organics and whether or not

the powder surfaces are uniformly covered. We therefore suggest
that a comprehensive nondestructive characterization be conducted

at this stage (note that there is the possibility of using reclaimed

material in full-scare processes).

We suggest that lH NMR spectroscopy be studied on the blended

material to establish details of powder surface chemistry of
blended material.

lt is significant that rheological properties cannot be correlated to

tape stability, densi_. , or sinterability. _ther, as noted in later
sections of this report, blending of recycled materials will become

critical in tape uniformity.

As-Calendered Tapes

Because of the need to control the speed and temperature of each

counterrotatJng roller, the potential exists for high shearing across the tape.

This creates the potential for significant problems in the tapes. We will

discuss here briefly three tape types: single-layer tapes, manifold tapes, and

l_rilayer tapes.

Single-Layer Anode and Cathode Tapes

Anode and cathode tapes are made in two differe:_t thicknesses. Case 1

is a single 305-jam-thick layer that is subsequently "corrugated" to form fuel
channels, and Case 2 is as part of the 305-}am total thickness trilayer flat
material.

After calendering, the tapes are placed on curing trays {a low-heat

facility) Ibr a time. This allows evaporatation of a high fraction of the

additives and solvents from the tape.

For crossflow designs, the tape intended for corrugation is then cut

(stamped) from the larger green tape. Because of the rolling operation,

there can be a tendency to have a "built-in" memory in the polyrr._'ric

additives, which will "remember" the rolling direction. It is likely that a

preferred orientation would affect stresses and the sintering reliability of



23

the tape. Thus, it will be necessary to check the anisotropy of the residual

stresses in the tape at this point.

Formation of Fuel and Oxidant Channels. While still in the green state, the

tape is formed with corrugations. Figure 12 shows the dimensions of the

corrugations as currently used. The corrugations are formed in a two-part

mold. Because of stretching of the tape over the radii, some concern can be

expressed about development of residual stresses at the curvature points. If
the thickness of the fuel channels affects overall stress levels in a stack, or if

crushing strength is greatly -_fffected, then thickness must be carefully
monitored.

.4_----2 mm ---_

• 2 m

Fig. 12. Schematic diagram of anode corrugation pattern

Suggested _ Methods for Single-Layer Tapes

We believe that the highest-priority NDC activity is necessary at

the as-calendered step. For single 305-1lm-thick tape, what is

needed is assessment of (a) thickness uniformity to +5% or +30

]lm; (b) density uniformity to as-yet-unspecified values (recent

data suggest that a +3% variation will yield a +20-30% change in

biaxial strength); and (c) distribution of organics, poreformer, and

powder, also to as-yet-unspecified values (related work on

injection molding suggests that +10 wt.% is significant).

Thickness Uniformity

We suggest that the NDC method known as pulse-echo c-scan ul-

trasonics, with use of a transducer array, be studied as a thick-

hess-measuring system. 15,16 The system will allow the fast-sur-

face and backsurface reflections to be obtained. This will yield

total thickness (with proper calibration), as well as some material

clturacte_tzation such as organ,po,ruder rati_o or density, with
-

_

-
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proper signal processing and calibration. Several items should be
mentioned in this recommendation. First is the sensitivity to

thickness. Recall that for sound velocities in solids,

C

f

where:

c = the sound speed tn the solid (ram/s),

f = frequency (Hz), and

A. = wavelength (mm).

For green ceramics, very little data are available in the literature

on either longitudinal or shear wave velocities. Fltrther, because

of the viscoelastic properties of green ceramics, one must

consider non-linear wave propagations. We will consider here

only longitudinal velocities because significant problems 17 are

encountered when attempting to couple shear wave transducers

onto green ceramics.

If we assume that the green ceramic longitudinal sound speed will
be between 800 and 1600 m s, and if we want a wavelength of 30

/lm, this will dictate a frequency of 25 to 50 MHz.

Recall, however, that both anode and cathode require a significant

amount of poreformer to achieve 20 to 50% porosity and thus en-

sure that sufficient oxygen reaches the electroactive region at the

air electrodeelectrolyte interface. The lower limit of porosity is

set by current conditions. The upper limit of porosity is deter-

mined from considerations of array strength. This amount of

poreformer may cause significant ultrasonic attenuation. 18-20

However, because the total tape thickness is only 305 llm, the

total ultrasonic path length will be 610 l_m, so significant attenu-

ation likely can b., accommodated. Reported values 18 are on the

order of 1-2 dB/mm, thus, for this case, total attention would be

only 0.5-1 dB.
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Transducer diameter will likely be 4-10 mm. Thus, packing these into a

side-by-side array does not present a problem, and electronic methods

are available to sequentially interrogate each transducer.

Density Variation

We suggest two methods be studied for measuring density variation:

(a) ultrasonics and (b) real-time microfocus X.-ray radiation (with

either an image intensifierCCD array or solid-stab' detector). 21,22

Ultrasonic methods as described al:gve for thickness measurements

can also be used for density measurement. The velocity of a

longitudinal ultrasonic wave traveling in a solid can be related to the

elastic properties and the density by the relationship

V = I E(l+v) II/2p(l + v)(l _+2 v)

where:

V = sound velocity in the solid (m/s),

E = elastic modulus (MPa),

v = Poisson's ratio, and

p = density (kg/m3).

This holds for truly elastic bodies. However, the green ceramic tape,

which is held together by polymeric material, is an elastic-plastic body

and therefore the elastic modulus must be determined. Regardless of

this, past work has shown that ultrasonic longitudinal velocities can be

related to ceramics density to +1-2%. Prior work l 7 has shown that

ultrasonic longitudinal velocity can be related to green ceramic

density for an MgO specimen containing 20 wt.% polyethylene glycol
binder (see Fig. 13). Other work 23 has also shown that ultrasonic

longitudinal velocity can be related to density variations in partially

sintered SiC and that variations in density within a specimen can be

detected and verified (see Fig. 14). Thus, use of an ultrasonic c-scan

system seems to be possible for measurement of thickness and density.
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Fig. 13. Ultrasonic, through-transmission vel_ci_j measurements as

a function of green ceramic density (MgO + polyethylene
glycol binder of 20 wt.%) (Ref. 1 7)

a2 -- " " " --

._ 2.0-

(n 1.8-z
uJ
a

1"6!_° I I
0.10 0.15 0.20 0.125 0.130

ULTRASONIC VELOCITY (cmlus)

Fig. 14. Ultrasonic, through-transmission velocity measurements as

a function of presintered SiC material density (Ref. 23)

The ultrasonic inspection method itself consists of many variants.

Major variables relate to the selection of the transducer size,

operating frequency: focal length, configuration (one or an array of
transducers), inspection on one side or on opposite sides, orientation

(normal or angled relative to the surface), and coupling method

(immersion, water jet, or contact). The transducer configuration
recommended for single-layer tapes consists of normal incidence

pulse-echo c-scan. Of all the configurations, this should provide the

least sensitivity to surface roughness while maintaining adequate
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sensitivity. For the selected approach to be easily scaled for

inspection of large parts at high scan speeds, the ultrasonic pulse

should be coupled by an acceptable method. Suggested coupling is

through a contact method where the transducer array will be in an
oil bath contained in a thin membrane that will contact the tape.

Small f-number (slightly focused) transducers will be recommended

to ensure uniform sensitivity. To create an image of the tape, a grey

scale 8-bit (256) or greater with false color representation can be

created in real time by writing pixels to a video monitor. Each pixel

will represent the ma_mum or "peak" echo signal amplitude at the

corresponding location on the sample.

As for ultrasonic systems, several factors must be considered when

using X-ray imaging systems for densitometry. 21 Tlle basic law of X-

ray absorption is given as

I Io = exp(-px)

where:

I = detected intensity (photons/cm2-s),

Io = source flux (photons / cm2-s),

li = linear X-ray attenuation coefftcien (cre-l), and

x = dimension of object penetrated by X-ray beam (cm).

The source flux is dependent upon the source type (X-ray tube,

synchrotron, etc.) and the linear attenuation coefficient is dependent

upon the material under study and the energy of the X-ray

radiation. Conversion of detected intensity to data is dependent

upon the specific detector that is used; this is discussed later.

The mass attenuation coefficient, _tlm, is written as

Mm =Pip
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where:

I_l = linear attenuation coefficient (cre-l), and

p = mass density (g/cma).

One can therefore relate I/Io to density as

lth I/lo]P= I i

Thus, if one can measure the relative intensities and knows the

attenuation coefficients, the density can be determined. For a

compound, the rule of mixtures can be implemented to obtain I_m as

i i

where:

Pi = fraction of total weight of the ith element.

Recall, however, that Pl is dependent upon the X-ray energy (keV)

and that X-ray tubes are polychromatic. Thus, one also must know

the flux of the X-ray source to predict density. Depending upon the

noise level of ttle detector, hotvever, densitometry values >1-2%
stmuld be achieveable.

The ability to resolve details in structure using X-ray energies is often

studied by the relation

px= 2

where:

p = linear X-ray attenuation coefficient (energy dependent;
cm- 1), and

x = depth of penetration.
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Thus, if one knows the linear attenuation coefficient of a material and

the thickness, the optimum X-ray energy can be established. Recent

work 26,27 has been conducted to establish optimum X-ray energy for

each of the fuel cell components, i.e., anode, cathode, electrolyte,

and interconnect, for both as--cast (green-state) and densified

conditions (see Fig. 15).

Porosity

We suggest that porosity distribution (or rather, poreformer

distribution at this stage) be detected by ultrasonic pulse-echo c-scan

methods with focused transducers. Recall that ultrasonic

longitudinal velocity, V, was related to elastic modulus. However,

past work 24 has suggested that the elastic modulus can be related to

pore fraction. This work was done on sintered ceramics, however,

and we suggest that analysis of the ultrasonic signals be conducted as

part of a two-phase material analysis. An example of how ultrasonic

longitudinal velocity can be related to porosity in partially densified

Si3N4 is shown in Fig. 16.
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Fig. 15. Optimum X-ray energy for maximum image contrast for
as-cast (green-state) and dense individual fuel cell

components
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Fig. 16. Longitudinal velocity vs. percent porosity for Si3N4.
Velocity = -0.016 x percent porosity + 1.14. Percent

theoretical velocity = -1.41 x percent porosity + 100.

Correlation coefficient = -0.997.

Large Pores, Inclusions

We suggest that real-time X-ray microfocus radiography be

employed.

Residual Stresses in Corrugated Types

Because of the likelihood of potentiaUy large residual stresses

developing during corrugation, we suggest an effort to measure these

in the green state. Until very recently, the ability to measure
residual stresses in polymeric materials was limited and no

systematic work had been reported. Recently, however, Mendoza
and Cannon 25 reported that Fourier transform infrared (FI'IR)

methods can be used to map residual stresses in injection-molded

green ceramics that use polymeric material as the binder.

Manifold Tapes

The manifold for the crossflow design currently consists essentially of

four box-type manifolds that can be cemented onto the stack after sintering.
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These manifolds will be made by press forming pug-mill-extruded tape into

a four-sided box with a gas-conduit aperture. At this time, the material of

choice for the manifold is YSZ, with the majority of this material originating

in the electrolyte process.

Because the primary purpose of the manifold is gas containment, it

must be a fully dense, gas-impermeable structure. Therefore, NDC

requirements must focus primarily on large entrapped air bubbles that could

cause gas leakage, lt has been suggested that acceptable leakage rates are
0.1 vol.% after manifolding for H2 fuels, and <5 vol.% for the oxidant.

Suggested NDC Methods for Manifold Tapes

We suggest that manifold tapes be examined by pulse-echo c-scan

ultrasonic methods, as well as by real-time microfocus X-ray, just as

would be done for the single-layer anode and cathode tapes.

Trilayer A/E/C and A/I/C Tapes

For trilayer tape manufacturing, the anode and cathode must be co-
rolled with either an A/E/C combination or an A/I/C combination. In the

former, the trilayer thickness ratios are 1:5:1 and total thickness is 305 I_m.

Each layer has a thickness, in order, of 44 tlm, 217 _m, and 44 _mm. In
the latter case (A/I/C), the thickness ratio is 2:1:2; thus, the thickness of

each layer, in order, is 122 t_m, 61 }_m, and 122 _m. Again, total thickness

is 305 _m.

Single-layer anodes and cathodes are calendered with sufficient size to

satisfy a single crossflow stack design and are corolled with an equivalent

electrolyte tape in one case and interconnector tape in the other case. The

continuous trilayer tapes are cut to size for the designed power stack,

accounting for the =20 linear percent shrinkage. Ali waste trimmings are

currently planned to be returned for recycling at this point. Note that this

will piace a great demand on the NDC process at the blending operation to
ensure reliable and uniform material before extrusion.

Interconnect. The interconnect is always sandwiched between an
anode and a cathode. Because the interconnect must be crack-free and

impervious to gases, no trapped air bubbles or nonuniformities (which could
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act as flow regions during sintering) should be present in the as-calendered

tape.

A significant point about the interconnect is that it is processed from

SrLaCr03 powder, lt was noted earlier that supplies of this powder are

limited and that therefore reliability is a problem. Hence, as-calendered

tapes fbr the interconnect deserve significant NDE attention.

At a thickaless ratio of 2:1:2 for an A/I/C-E trilayer and a total green

state thickness of 305 Ixm, the interconnect is only 61 _m thick in the

green state. This is extremely important because many applicable NDC

methods, e.g., acoustic microscopy, will have significant sensitivity to

thickness. From an NDC standpoint, the density distribution, thickness

distribution, and organic distribution must all be brought to critical

measurement sensitivity on the interconnect.

Electrolyte. As with the interconnect, the electrolyte in a crossflow

MSOFC design is always sandwiched between an anode and a cathode.

Unlike the interconnect, however, the electrolyte is made of a readily

available powder, i.e., PSZ. Hence, problems with significant

nonuniformities are likely to be fewer. The electrolyte, like the

interconnect must be impervious to gases in the dense state, and thus there

is a great need for sensitivity in the as-calendered tape to density variations,

organic nonuniformity, and thickness sensitivity (which might cause

nonuniform shrinkage).

Suggested NDC Methods for Trilayer Tapes

We suggest that an additional NDC method be developed for the

trilayer tapes. That method is time-resolved-infrared-radiometry

(TRIR). 26-30 We suggest that this passive sensing system be

implemented immediately downstream of the hot-roll calender.

Both sides of the trilayer should be imaged with the TRIR method.

This will likely provide information on gross defects (>1-2 mm),

including internal tape voids.

The basic idea behind passive TRIR imaging is that the surface

temperature is ir_uenced by homogeneity of the material, thermal

diffusitivity, and time. Changes in surface temperature can be

considered as a contrast in the resulting image, which is a transient.
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Determination of time dependence of the change has been

suggested 26 as

tl/2 = 1.38L2/_2 k

where:

ti/2 = time for surface temperature to reach I/2 peak or
minimum value (sec),

L = specimen thickness (]_rrO,and

k = thermal diffusivity, which ts unknown for green
ceramics, has values of 0.4-I x 10 .6 m2sl for

graphite-reinforced plastics.

For glass-reinforced plastics, t I/2 has a value of about I00 sec.
Because the anode would be on one side and the cathode on the

other, each would have a different diffusivity constant. Correlations

likely could be drawn by proper image processing.

The detectable defect size ts suggested to be an area with a

diameter approximately equal to twice the thickness of the layar

being interrogated. For A/I/C, this would be =220 tim, and for
A E C, =90 ]_m.

We also suggest that a pulse-echo c-scan ultrasonic system be

developed that, as opposed to the single-layer tapes, will use
transducer arrays on both sides of the trilayer tape. This will provide

thickness and perhaps density data on both A and C, and by

subtraction or direct reflection, thickness of the internal layer.

Recall, however, that for a wavelength equal to 0.1, the thickness

for the green tapes (=30 ttrrO, a frequency of 25-50 MHz would be

required. For the 2:1:2, A/I/C/trtlayer, this would also be
acceptable. However, for the 1:5:1 A/E/C, with 44 tim electrode
thicknesses, a much higher frequency (= I00 MHz) may be necessary.

We also suggest that through-transmission microfocus X-ray imaging

be employed because of its ability to directly detect voids, cracks,
etc.
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Debindering and Sintering

There are several alternatives to the steps to densify the complete

stack. These include (a) densifying individual cells (i.e., anode fuel channels,

an A/E/C layer and cathode channels) and interconnect separately and then

bonding them together or (b) making a complete stack and sintering ali at

the same time (this is called cosintering). In the first case, if the

interconnect can be sintered separately, then subassemblies of fuel-channel

anodes, electrolytes, and oxidant channel cathodes could be inspected

separately and the important interconnect could be thoroughly Inspected as

a single flat piece. In the second case, for a 25 kWe stack, there are 109

A/I/C layers and 109 A/E/C layers, which are all sandwiched with no direct

access. This will essentially preclude NDC detection of individual

microcracks or delaminations of the electrolyte or interconnector. In either

approach, there are two steps: (a) debindering (i.e., removing the organics)

and (b) final sintering (final densification).

Debindering

Debindering is the process of heating the green ceramic from room

temperature to 500-600°C, during which ali the organics (solvents, binders,

and additives) are removed. The mechanisms of the debindering process

are still not fully understood, according to processing developers.

lt must be noted, however, that removal of the organics from a

complete stack of cells for a 25 kWe stack weighing 80 kg (including =30 kg

of organics) will be a formidable task when superimposed upon the purely

thermal degradation of the binders. Furnace temperature profiles and the

heat transfer of the stack must !:_. controlled so that no points in the stack

differ in temperature by more than +5°C; this prevents relative shrinking
between tape and layers of more than +3%. Deviations from these

acceptable "temperature windows" could cause cracking or delaminations
between layers or severe dimensional instabilities.

Two basic types of cracking are (a) total delamination between tape

types (see Fig. 17) and (b) in-plane cracking of one of the trilayers, usually

the electrolyte or the interconnect (see Fig. 18).
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Recent work with dilatometers has revealed significant shrinkage

during debindering. The small contribution of 3-5 linear percent within the

overall total shrinkage of 20-25% may be enough to create internal

stresses 3 ] that lead to delaminations or cracking.

A debindertng period of 24-30 hr has been suggested for a full stack

during cosinterlng. This can change if the individual components are
sintered and then bonded.

Final Sintering

In the cosintering case, the sintering step is critical because the stack

cap. be very fragile at this point in the process. The stack would need to

remain on an appropriate support for transport to the sintering furnace.

The fragile nature of such stacks can be seen in Fig. 19, which shows how
corrugations can collapse after debindering and during cosintering. Thr )e

problems can probably be eliminated if the individual components are

sintered separately and then bonded together.
[

Fig. 19. Photograph of cross section of a stack showing how

corrugations can collapse during processing. (Photo --
courtesy of Allied-Signal Aerospace Co., AiResearch

Los Angeles Division.)
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The thermal ramp up to the sintering temperature for either a complete

stack (in the case of cosintering) or for each component will be quite
different than that for debindering because of the absence of outgassing

organic materials. However, as with the debindering step, temperature

uniformity must be _naintained to minimize temperature gradients. Each of
the individual components (anode, cathode, electrolyte, axld interconnect)

has its own sintering profile.

Heat-up is one part of the ramp. Cool-down is equally, if not more, im-

portant. On cool-down from the sintc,_i_xg temperature, any thermal expan-
sion rnismatch in a component can cause significant internal microcracking.

The stnteripg stac_e irl the MSOFC manuJ'acturing process currently is the most
critical and highest-ri._.k _tage in the entire fabrication process. One failed cell,

u,llich could be caused by a single failed component, within a stack causes the

whole stack to fail. it is for this reason that an acoustic-emission NDC

development program is recommended for detection of the onset of such
undesireable cracking. 'i_is approach is discussed below.

Suggested NDC iVlethods for Debindering and Sintering

After a sintered fuel cell _tack/s removed f,'om the furnace, cracks

may be detected, L'ut it is aot know¢_ w_,e'.,l these cracks develop

(i.e., during heat-up or cool-dowrJ. Knowledge of when the cracks
occur could be used to modify heat-up and cool-down schedules so

as to minimize cracking. Acoustic emission (AE)" is a passive

monitoring method that is weU suited to the detection of incipient

cracking in inaccessible locations such as the inside of the furnace. In

previous work, efforts were devoted toward implementing AE
methods to detect onset of cracking during sintering of fuel cell

arrays.

F_ure 20 is a block diagram of an AE instrurrantation system that

can be employed. The primary problem in a high-temperature AE

test setup is acceptable acoustic coupling of the monitored object to
the AE transducer.

"Acoustic emission is defined as a transient elastic wave generated by the rapid release
ancl/'_r transmission of energy from a iocu'dzed _uurce or,_u,_w,,,w, a ,,,_,_., ,w.

=
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Fig. 20. Schematic diagram of acoustic emission sensing system

for detection of cracks andor delamination in fuel cells

during debindering and sintering

Two different coupling methods have been previously tested. In the

first method, a 3.5-mm-diameter quartz waveguide was coupled to a

zirconia base plate (used to support the fuel cell during debindering and

sintering) by contact pressure with a high-temperature couplant. These

results suggested that the amplitude of the AE signals was too low (i.e.,
attenuation was too high at the contact), and thus a new coupling

system (see Fig. 21) was implemented.

In this system, a quartz waveguide is fused to a 2.5-mm-thick quartz

plate that in turn rests directly on top of the fuel cell component.

The fuel cell was placed on a 2.5-mm-thick quartz plate supported

on three-point-contact supports. Care was taken to ensure that the

upper quartz plate was normal to the waveguide and that this plate

was parallel to the lower quartz plate so that no distortion or

nonuniform load on the fuel cell could be attributable to plate

misalignment.
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Fig. 21. Schematic diagram of a second high-temperature

acoustic emission coupling arrangement

The temperature ramp used for the AE test was an accelerated heat-

up ramp with a normal cooling rate. Figure 22 shows the heat-up

and cool-down curves, together with the detected AE activity. Note

that the AE activity occurred at only three temperature regions, i.e.,

approximately 400-500°C, 600°C, and from 1350°C to the end of

the 1400°C hold cycle. The relative strength of the detected
emissions can be assessed by amplitude distribution analysis. Time-

dependent amplitude distributions were obtained on this test run,

and the data (Fig. 23) show the changes in distributions from the

previous measurement. To be noted is that the level of AE activity

at 1300-1400°C is dramatically revealed by the amplitude

distribution plots. The relative strength of the pulses increases near
1400°C.

After the run, inspection verified that the sample had totally collapsed,

as suggested by the deflectidn data and the sign_cant AE activity at

1400°C. It was concluded that the AE was detecting the collapse of the

cell. This suggests that this method, when the experimental setup is

properly arranged, has the potential for use in monitoring crack
development.
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4 SUMMARY AND CONCLUSIONS

The fabrication process of the MSOFC has been reviewed from the

standpoint of implementing a nondestructive characterization (NDC)

program that would help ensure reliable manufacturing similar in many ways

to that of ceramic capacitors. 32 The reviewed steps consisted of examining

the starting materials, especially the special powders for the cathode and

interconnect (SrLaMnO3 and LaCrO3, respectively); determining the critical

organic additives used as binders, plasticizers, solvents, and poreformers;

understanding details of blending powders and organics; studying the hot-

roll calendering operation for single and trilayer tape production;

understanding fuel and oxidant channel formation and possible defect

formation; examining the debindering and sintering steps; and developing

an understanding of the manifolding used to transport fuel and oxidants.

We have concluded that there is a significant role for NDC at each step

in the production of MSOFCs. In powder characterization, the yttria-

stabilized zirconia (YSZ) and NiO used for anode and electrolyte fabrication

are available in high-commercial-grade powders. However, the SrLaMnO3

and LaCrO3 for the cathode and interconnector are limited in availability,

and determination of their quality by extensive NDC would be appropriate.

To date, it does not appear that anyone is using high-resolution microfocus

X-ray imaging to sort powders for contaminants. This is becoming a widely

used process for other ceramic processing areas and likely would be
important here.

Although many different organics will likely still be investigated, the

ability of these to blend uniformly is critical. The high sensitivity of lH NMR

spectroscopy appears to offer an excellent method for characterizing the

blended material. This will become especially important if salvage material

will be combined with new material for cost reduction. Of possible concern
is the effect of different thermal histories of each of the constituents of the

blended materials when salvage material is added. Because no correlation

seems to exist between rheological data and reliability of tapes, an effort
appears warranted in this area.

We have also concluded that the area of highest priority for NDC is the
as-calendered tapes. The single-layer tapes to be made into fuel channels

are to be 305 pm thick. Because cracks in thes_e tapes are of little
importance except for loadbearing qualities, nondestructive characterization
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here should focus mainly on uniformity of density to ensure uniformity of

shape on firing. However, when the single-layer tapes are corrugated to

form fuel/oxidant channels, significant residual stresses could be introduced

and methods for measurement have been suggested. The trilayer tapes, on

the other hand, are more critical. An A/E/C trilayer tape must be studied to

determine density uniformity and the upper limit of porosity of the anode

and cathode. However, the electrolyte should be examined closely for pores

and possible cracks because it must be as tight as possible and of nearly

100% theoretical density. A combination of X-ray imaging methods (to

detect voids or cracks), acoustic methods (for density uniformity), and

infrared (for gross uniformity) seem to be implementable for this case.

When stack subassemblies are to be debindered and sintered, an NDC

method seems almost mandatory for detection of cracking onset. This is

important because the high weight percent of organic binders (=30 wt.%),

must be completely removed during debindering. Further, each of the

organics (solvents, plasticizers, binders, and poreformers) will volatilize at a

different temperature. During final sintering, control of heat-up and cool-

down schedules must be critically maintained to avoid large temperature

differences. This is especially true because of the differences in coefficients

of thermal expansion, as well as of the possibilities of nonuniform organic

content that will cause nonuniform shrinkage. It was concluded, for

example, that anisotropy of residual stress levels may occur from the rolling

direction. Methods of equilibrating these out (e.g., mild heat) may be

helpful. Acoustic emission sensing methods with some form of signal

analysis, e.g., histograms, energy measurement, etc., will be necessary.

Following sintering, mounting of the manifold completes the stack assembly.

Leakage rates of less than 0.1 vol.% for the H2 fuel must be maintained,

ac.cording to one design analysis. Leakage rates of the oxidant manifold

should be less than 5 vol.%, according to the same design analysis. These

are ft_ll-scale design values. When the entire assembly is completed, it is

ready ibr testing.

It might be added that following sintering, and depending upon the

acoustic emission activity detected, some form of inspection of each A/E/C

or A/I/C should be made to check for through cracks. New high-quality
optical borescopes may be implementable on an array basis.
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5 RECOMMENDATIONS FOR FUTURE WORK

A summary of NDC suggestions is given in Table 5, along with a priority

ranking. We suggest that the highest priority be given to development of
NDC methods for as-calendered tapes, specifically the trilayer tapes. We

suggest also that highest priority be given to development of acoustic
emission to detect onset of cracking during sintering and to determine

maximum outgassing of organics during debindering. Further, we suggest

that high priority be given to development of NDC methods for as-
calendered single-layer tapes and SrLaMnO3 and LaCrO3 powders. We

suggest that development of NMR and FTIR spectroscopy be undertaken as
NDC methods for as-blended material. This may require a higher priority

should recyclable material be combined with new material. There is a
concern about the impact of thermal histories and the molecular structure

of the polymers.

Although not specifically noted here, if an organic bond material is used
as an adhesive to bond A/E/C cells to interconnects, some form of NDC

would be necessary to qualify these bonds. Sonic resonance methods have

recently been developed for similar applications and we suggest this be

pursued because of the relative inaccessibility of the surfaces for inspection.
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