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ABSTRACT

Tl_is paper investigates the stress and fracture behavior of a monolithic

solid o_de fuel cell (MSOFC) currently under joint development by Allied

Signal Corporation and Argorme National Laboratory. The MSOFC is an ali-

ceramic fuel cell capable of high power density and tolerant of a variety of

hydrocarbon fuels, making it potentially attractive for stationary Utility and

mobile transportation systems. The monolithic design eliminates inactive

structural supports, increases active surface area, and lowers voltage losses

caused by internal resistance.

The fundamental building block for the MSOFC is a cell module

comprising a cosintered corrugated anode, an anode/electrolyte/cathode

three-layer composite, and a corrugated cathode. However, small

differences in the coefficients of thermal e__pmnsion of the anode,

electrolyte, and cathode give rise to large tensile residual stresses in the
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anode and cathode during cool-down from sinteringtemperature to room

temperature afterfiriag.These tensileresidualstressesoften e_xceedLhc

fracturestrengths ofthe anode and cathode materialsand resultin failure

and fractureof the cellmodule. The ANSYS finite-elementcode has been

used to peri'onn the stress and fracture m_alyses, to develop failure- and

. Safe-zone maps, and to provide guidelines for selecting proper thic__messes

of the electrodes and electrolyte to prevent failure of the fuel cells during

fabrication.

INTRODUCTION

The monolithic solid o:dde fuel cell (MSO_'C), intended primarily for

coal-based power generation, is currently under joint development by Al.lied

S_gnal Corporation and Argonne National Laboratoi7 (ANL). The MSOFC

employs thin ceramic components in a honeycomb structure with very sma!i

cells, a design that permits fabrication into unique shapes unachievable in

fuel cell systems using liquid electrolyte. The all-ceramic MSOFC is tolerant

of a variety of hydrocarbon fuels, making it potentially at_active for

stationary utELity and mobile transl_ortation systems. The monoUthic design

eliminates inactive structural support, increases active surface area, and

lowers voltage losses caused by internal resistance. This results in an MSOFC

with high efficiency, e_xceHent performance, and power per unit mass or

volume unequaled in any other solid o_de fuel cell configuration.

The fundamental building block for the ceramic monolithic solid o:dde

fuel cell stacks is a cell module comprising a cosintered corrugated anode,

an anode/electrolyte/cathode three-layer composite, and a corrugated

cathode. In this crossflow version, the fuel and o.xzidant channels are formed
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by,connagated anode and cathode layersand positionedat rightangles to

each other.The anode/electrolyte/cathodethree-layercomposite isflatand

isstacked between the corrugated anode and cathode. The present study

was underlaken to analyze the stressesand fracturet ehaviorin one cell

module and to quantifythe effectsof fabricationvariables(such as layeraz_d

corrugationthicknesses)on the failureofrh_ismod1_e due to fractureand

residual thermal stressesdeveloped during cool-down florasintering

temperature to room temperature.

Kesidual then_nal stresses are generated in layered ceramic composites

due to differences in the coefficients of thermal e_-c-pansion of various layers;

such stresses have been anal_-zed, for e.xample, in a metal-ceramic _vo-layer

system by Hsueh and Evans (1). They have also analyzed the stresses in a

infinitely long work-hardening metal cylinder bonded to a ceramic that had

a different coefficient of thermal ex-pansion, and they compaured their

analysis with e.x-perimenta!ly measured values of stresses at the surface %r a

copper--cordierite system (2). The measured stresses were significantly

lower than the predicted values. The discrepancy was attributed to a

difference betsveen plane strain, which was assumed in the analysis, and

plane stress, which is appro:dmately the condition at the sc_rface oi the

specimen, as well as to the porosity, of the metal.

FABRICATION OF FUEL CELLS

The electrolyte is a dense layer of _tria-stabilized zirconia [_fSZ)that

allows mass transport of oxygen ions through the cell. The anode is a cermet

consist.ing oi nickel (NiO in the "green" and air-fired states) dispersed in a

matrk-¢ of YSZ, and the cathode consists of strontium-doped lanthanum
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manganite. "Theseelectrodes are electronicallyconductive and contain

inter-connected porosityto facilitatemass transport ofreacta_ntgases to the

electrode / electrolyte interfaces.

The approach to fabrication of the monolithic fuel cen is based on the

process uf ceramic tape casting, which is ideally sui_ed-forforming the thin
,

(25 to 100 _m) flat ceramic layers required in the monolithic design.

Multilayer tapes consisting of anode/electzolyte/cathodt structures are

made by several techniques, including rnultilayer casting, lamination under

heat and pressure, and electrode spraying. The technical challenge is to

co,ire and eosinter the ceil modules, each of which comprises a corrugated

anode, an anode/electrolyte/cathode three-layer composite, and a

corrugated cathode. The M$OFC is fabricated by forming thin ceramic

components as green (unfired) layers, incorporating them into the

monolithic structure, and eof'i.ring the structure at. elevated temperatures to

forTn the required sintered body. The firing schedule consists of _ controiled

heat--up to 400°C, fu_lner heating to tYie sintering temperature of about

1200-1350°C, and fina_lly, cool-down from the sintering temperature to

room temperatu:'e. Because fabrication of tl-___ fuel ce1! requires only a single

high-temperature processing step, the MSOFC has the potential for low-

cost manufacturing.

_Ithough the coefi_cientsof thermal expansion of the cathode and tJ_e

electrolyteare closelymatched, the Ni(D-containinganode has a slightly

higher coefficientof thermal expansion. Cracking was experienced in the

cellmodules in the anode/electrolyte/cathodethree-layercomposite during

cool-down from sinteringtemperature to room temperature afterfiring.
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The fabricated cell modules had a 10-rrfii corrugation thickness, 1-mil-

tllick electrodes (anode and cathode), and an electrolyte thickness of 5 mils.

MODELS FOR ST_ AND FRACTURE ANALYH_ES

The finite-element model of one cell module of the MSOFC is sho_n in

Fig. 1. ANSYS, a commercial finite-element code from Swanson Analysis

Systems, Inc., was used in this study (3). An eight-noded layered shell

element (STIF 91) was used to model the anode/electrolyte/cathode three-

layer composite, with each layer capable of having different thermal and

elastic properties. A quadrilateral shell element (STIF 43) was used to

model the corrugated anode and cathode. Because there are two planes of

symmetry, only one-qum-ter of the cell module model was analyzed. The cell

module is assumed to be stress-free at the sintering temperature when

cool-down begins; the stress-free temperature is asstu-nect, to be 1200°C.

The thermal and elastic properties used in the analysis are shown in

Table 1, and the strength values reported in Table 1 were measured at A_N_L.

Toughness of the anode/ electrol,/te interface for this study is assumed to be

1.5 MPa ml/2 (4),, Residua_l elastic th_rmaI stresses are generated in the

exTternally unconstrained cell module during cool-do_n and reach a

ma._mum at the end of cool-down when the cell module is at a uniform

temperature. In the linear elastic fracture mechanics analysis, a through

crack paradlel to the anode corrugation at the anode/electrolyte interface is

assumed to pree_st. Strain energies (W) are calculated at two different

crack lengths, and Korn that the strain enerKy release rate per unit

e_\-t.ension of the crack area, G, is computed'
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The stress intensity factor, K, a meas_Ire of toughness, which is related to

G, is given by
1/2

_,!- v2) "

where E and v are the elastic constants of the electrolyte.

It is kno_m that the stresses near the tlp of a crack between two

dissimilar materials have an oscillatory singularity, and therefore the strain

energy release rate and the stress intensity factor cannot be defined in the

conventional sense (5j. However, in many models of interfacial cracks, strain

energy release rates are computed by igtaoring the oscillatory singularity. A

study by Delale et 'al. has also provided some basis for calculating strain

energy release rates by simplified beam or plate analyses or by I_ite-

element analyses, ignoring the oscillating character of the singularity (6).

RESULTS

Cell modules with several anode/electrolyte/cathode (A/E/C)

thicknesses were analyzed. The fuel cell. currently being fabricated had an

A/E/C ratio of 1:5:1 and 10-roll-thick corrugations. Based on finite-element

analysis, the maximum tensile stresses in the anode and cathode were 168

and 94 MPa, respectively. These values far. exceed the measured strengths of

the m_ode (100 MPa) and cathode (65 MPa). The stresses in the electrolyte

are compressive. This is to be expected because the coefficients of thermal

e_vpar_sion of the anode and cathode are greater than that of the electrolyte.

Thus, based on the analys,,s, it is reasonable to conclude, as has been



observed, that the fuel cells will crack and fail due to residual thermal

stresses generated during cool-down from sintering temperature to room

•temperature during fabrication. It was also found that the slope of the

corrugations did not significantly change the anode and cathode stresses.

A parametric study was conddcted to obtain a better understanding of

the effects of A/E/C thickness ratio and corrugation thickness on the

stresses in the anode and cathode and to develop failure- and safe-zone

maps. The ma:dmum tensile anode and cathode stresses occur in the anode

and cathode, which form part of the three-layer composite. Figures 2 and 3

show the n la_Tzum tensile anode and cathode stresses, respectively, as a

function of electrode (anode and cathode), electrolyte, and corrugation

thicknesses. Anode thickness is equal to cathode thickness, and anode

stresses are found to decrease with increase kn electrode thickness and with

decrease in electrol_ce thicl, Lness (Fig. 2). Similarly, cathode stresses

decrease with increase in electrode thickness and _th decrease in

e lectrolyt.e thickness (Fig. 3). However, as corrugation thickness was

decreased from 10 mils to 5 mils, the anode stresses decreased while the

cathode stresses increasecl.

Figure 4 shows the stress intensity factor as a function of electrode

thickness and electrolyte thickness for 10--mil-thick corrugations. The

factor increases with increasing etectrol}<e tt_ckness but tends to increase,

reach a ma._dmum, and then decrease as a function of electrode thickness.

The failure- and safe-zone maps tbr corrugation thicknesses of 5 and 10

mils are sho_vn in Figs. 5 and 6. For small electrode thicknesses, anode

fracture is the dominant mode of failure. As electn:ode thickness increases,
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cathode fracture becomes the dominant mode. In addition, as corrugation

thickness increases, the probability of anode failure increases while that of

cathode failure decreases. Over the range of electrode and electrolyte

thicknesses studied, the cell module v,N1 fail because of cathode or anode

fracture rather than anode delamination due to crack propagation at the

: anode/electrolyte interface. It appears that for a reasonably thick eledtrol_e,

i.e., minimum thickness of 3 mils, the electrodes should be atleast 6 mils

thick. Thus, the cell module should comprise a 10-roll-thick corrugated

anode, an anode (6 mfls)/electrolyte (3 mils) /cathode (6 mils) three-layer

composite, and a 10-mil-thick corrugated cathode.

CONCLUSIONS

The ANSYS finite-element analysis code has been used to predict the

residual thermal stresses developed tn one cell module of a monotit_c sol.td

o,,dde fuel cell during fin_ cool-down from sintering temperature to room

temperature.

The failure mode of the monohthic solid oxide fuel cell during cool-

down after firing depends on the mismatch of the coefficient of thermal

expansion of the anode and the other layers, the fracture toughness, and the

thickness of the various layers.

The analysis predicts, as has been observed, failure of the cell module

with a 1:5:1 ratio of the anode/electrolyte/cathode thickness due to high

tensile residual stresses that develop in the anode and cathode during

fabrication.
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Failure-land safe-zone maps have been developed to pro_4de guidelines

in selecting [he proper thick_nesses of electrodes and electrolyte to prevent

failure of the fuel cells during fabrication.

A cell module composing a 10-mil.-thick corrugated anode, an anode (6

mLls)/electro)liyte (3 milsj/cahhode {6 mils) three-layer compcsite, and a 10-

roll-thick cox:Tugated cathode is recommended ;for future fabrication and

study.
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Table 1 Mechanical Properties of Anode, Electrolyte,,
and Cathode Used in the Finite Element Analysis

Property Anode Electrolyte Cathode

Young's
Modulus (MPa) 1.38xl 05 1.80x105 i.23x105

r

Poisson's Ratio 0.26 0.32 0.27

Fracture Strength 100 185 65
(MPa)

Thermal

F_-cpansion Coeff. 11.38x10 -6 10.53x10 -6 10.89x10 --6
[/oc)
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This report was prepared as an account of work sp_npored by an agency of the United States
G{_vernment. Neither the United States Government nor any agency thereo_', nor any oi" their

, employees, makes any warranty, express or implied, or assumes any legal liability or resp_msi-
bility for the accuracy, completeness, or usel'ulne'_s o_' any inf(Jrmation, apparatus, product, t_r

proce:_s disclosed, or represents tha_. its ase would not infringe privately owned right:#. Refer-
ence herein to any specific c_)mmercial pr_Juct, process, or service by trade name, trademark,

manut'ac',_rer, or otherwise d_s not net:essarily constitt_te or imply it.s end_)rsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opimoas of authors expressed herein do not necessarily state _)r reflect those of the
United States Government or any agency thereof.
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