Available online at www.sciencedirect.com o

scrence @oimeers POWER
SOURCES

www .elsevier.com /locate /jpowsour

Journal of Power Sources 131 (2004) 278-284

Evaluation of residual stresses in a SOFC stack
H. Yakabé**, Y. Baba? T. Sakura®, M. Satol?, I. Hirosawd, Y. YodaP

@ Technical Research Institute, Tokyo Gas Co. Ltd., 16-25 Shibaura, 1-Chome, Minato-ku, Tokyo 105-0023, Japan
b Japan Synchrotron Radiation Research Institute, Sayo-gun Hyogo, 1-1-1 Kouto, Mikazuki-cho 679-5198, Japan

Received 3 October 2003; accepted 16 December 2003

Abstract

Residual stresses in a stack of the anode-supported planar SOFC were measured by the X-ray diffraction mettfa riibthsi).
The stack used for the stress measurements was composed of a single cell and separators of an alloy. In this measurement, the resid
stresses in the electrolyte under the alloy separator and the cathode were focused on. In order to detect the diffraction from the electroly
under the separator or the cathode, an X-ray energy of 38.8 keV was selected. For the stress measurement, a diffraction peak of YSZ(7 1
plane was used. A synchrotron radiation was employed as an excellent X-ray radiation for precise stress measurements. In addition to tt
stress measurements, numerical simulations for the residual stresses in the cell stack were carried out.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The X-ray stress measurement is an effective method to
measure the residual stress in materials without destruc-
Anode-supported cells are inherently strong against tion [3—6]. We applied the method to measure the resid-
stresses because the electrolyte hardly suffers a tensilyal stresses in the cell stack. A synchrotron radiation was
stress. For cell stacks, certain alloys can be used as interysed as an excellent X-ray radiation for precise stress mea-
connectors and auxiliary components of cell stacks, and surements. Residual stresses in the electrolyte of the cell
thus, using the flexibility of the alloys, it is possible to make stack used for practical measurements of the stack perfor-
the cell stack robust against a mechanical Ifiad]. Onthe ~ mance were measured directly using the X-ray. In addition
other hand, regarding thermal stresses, great care should bg the naked electrolyte, the stresses in the electrolyte under
taken into account, since the thermal expansion behavior isthe cathode or the alloy were measured. Numerical calcu-
different between the cell and the alloys. The thermal stress|ations on the residual stresses in the cell stack were also
induces a deformation of the cell stack, and sometimes, thecarried out, and the experimental and numerical results were
cell stack is destroy. To reduce the thermal stress in the cellcompared.
stack, the metal alloys have to be selected carefully so that
the thermal expansion coefficients (TEC) would match well
with that of the cell. To study the best alloy as the stack
component, we simulated the residual stresses in the cell?
stack with alloys of various TEC. However, it was difficult ) o
to calculate the residual stress in the cell components with a Anede-supported cells were fabricated by a co-firing pro-
high accuracy since there were many uncertain parameter<€SSs: Details of the cell fabrlcatlor_l have been rgporte_d else-
in the stress calculation (e.g. a temperature at which the cellWhere[7]. For the cell stack, electrically conductive or insu-
components are constrained each other, or effect of the re/ating alloys were applied to the interconnectors and separa-
duction of the anode on the stress). To evaluate the residuaf©rs: réspectivelyFig. 1 shows the cross-sectional diagram
stress in the cell components precisely by the numerical cal-for @ single-cell stack. A cell was supported using a thin al-

culation, it is indispensable to measure the residual stressed0Y foil, and the alloy foil was sandwiched by alloy frames.
practically, and fix these uncertain parameters. A glass sealant was used to connect the cell and the foil, or

the foil and the frame. The alloy foil has a role to separate

the fuel and air. Metal interconnectors as current correctors

* Corresponding author. Fax:81-3-3453-7583. were set at the upper and the lower side of the cell, but they
E-mail address: yakabe@tokyo.co.jp (H. Yakabe). are not drawn in the figure.
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Separator The residual stress measurements were carried out using
the single-cell stack. The cell stack has already been tested
Cathode [ its performance at 750 in an electrical furnace. The used
stack was directly mounted on the sample stage at the syn-
chrotron facility as shown ifrig. 2and the residual stresses

of the cell stack were measurellig. 3 shows the image

Alloy foil

Electrol Sealant photo of the single-cell stack. The center black square is a
yte

cathode, and around the cathode, the naked electrolyte ex-
Fig. 1. Cross-sectional view of the one-cell stack. ists. The edge part of the electrolyte is covered by the alloy
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Fig. 2. Photo image of the experimental stage at BL19B2 line.

]
-
¥
.
*
%2
4
p

Fig. 3. Photo image of the one-cell stack. The incident beam was irradiated to the three points indicated by filled circles.
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foil, and the foil was supported by the separator frame. In
this stress measurement, we focused on the residual stresseigble 1 _ B
in the electrolyte of the cell stack at three different points. List of the stress measuring conditions

The three measuring points are pointed by white circles in x-ray source Bending magnet

the figure. One stress focused was that at the naked elecX-ray energy 38.7kev

trolyte, and the others were the stresses in the electrolytegonochrometer Sisi1
Measuring method Side-inclination

under the cathode, or the alloy foil. Although the residual
stress at the naked electrolyte can be measured easily, it is
difficult to measure the residual stresses in the electrolyte
under the cathode, or the alloy foil. To measure the residual of conventional four circle goniometer and additional four
stress in the electrolyte under the cathode, or the alloy foil, axes was mounted at BL19B2, which was suited for the
it is necessary to detect the diffraction of the X-ray from the present stress measurement.
electrolyte through the cathode or the alloy foil. Hence, it  Table 1shows a list of the conditions for the stress mea-
was important to select an appropriate X-ray energy which surements. As mentioned above, the X-ray energy was set to
enables us to detect the diffraction from the electrolyte un- 38.7 keV, which was enough to detect the diffraction beam
der the cathode or the alloy. Thicknesses of the cathode androm the electrolyte through the alloy foil or the cathode.
the foil were 30 and 5Qm, respectively, and, the shortest Fig. 5displays the result of—29 scan for the electrolyte of
beam path in the alloy was 1@0n even when the beam was  the cell stack. The incident beam was irradiated to the naked
irradiated in the perpendicular direction to the cell surface. electrolyte part. The peaks pointed with asterisks correspond
The main element of the alloy wasFe, and the attenuation to the cubic YSZ structure, and the other peaks are diffrac-
length of the X-ray in the iron is displayed kig. 4 The tions from Ni of the Ni/YSZ anode under the electrolyte.
X-ray energy of more than 30 keV is required to obtain the For the X-ray stress measurement, in general, a diffraction
attenuation length of 100m in a-Fe. Thus, we selected the peak at a high2angle is used because enough laggean
X-ray energy of 38.7 keV for the stress measurement. be used. On the other hand, the intensities of the diffraction
A synchrotron radiation was employed as the X-ray peaks at a high@angle are weaker, and, many peaks from
source. The synchrotron radiation is an ultra-bright, highly different diffracting planes overlap each other. Thus an op-
directional, and collimated light. In addition, wide spectrum timal diffracting plane has to be selected for the stress mea-
of wavelengths, stretching from infrared to X-rays can be surement. We searched a single diffraction peak existing at
used. For the present stress measurement, an X-ray beama higher angle and having enough intensity for the stress
with a high energy and a high brightness are necessary, andneasurement, and selected the peak of YSZ(7 1 1) plane. As
thus, the synchrotron radiation is the best source for the one can see iffig. 5 the peak center of YSZ(711) peak
present purpose. is around 25.7. If the iso-inclination method is employed,
The experiment was performed at BL19B2 line at available maximum/ becomes<13°, which is not enough
SPring-8,which is a medium-length hard X-ray bending to obtain accurate analyses. To obtain an enough high tilting
magnet designed for the purpose of engineering scienceangley,, we employed side-inclination method instead of the
researches. The Huber multi-axis diffractometer composediso-inclination method. Regarding side-inclination method,
the footprint of the beam at the surface of the sample at a
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Fig. 4. Attenuation length of the X-ray inside iron when the direction of the incident beam is perpendicular to the sample surface.
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Fig. 5. X-ray diffraction pattern for the electrolyte of the anode-supported cell.

large becomes large. The size of the incident beam at the peak withy,. The incident beam was irradiated to the naked
sample surface was controlled with a Ta-blade slit so that electrolyte, the cathode part, and the alloy foil for cases
the incident beam would be irradiated to within the targeted (a)—(c), respectively. For all the cases, the YSZ(7 11) peak

area.

3. Results and discussion

Fig. 6 shows the result of 629 scan where the incident

shifts toward higher angle with increasigg Only for case

(c), can one see the split of the YSZ(7 1 1) peak. We consider
that the split may come from an imperfect control of the
incident beam size (i.e. the beam spot may slightly spread to
the naked electrolyte part). The peak profiles obtained were
fitted using the Gaussian function as showrFig. 8 and

beam was irradiated to the foil part. One can see that thethe peak centers were determinédly. 9(a)—(c)show the
YSZ(711) peak appears in the chart, indicating that the d—sirfy, diagrams estimated using the detected YSZ(71 1)
diffraction from the electrolyte through the alloy foil could diffraction peak. Although the scattering of the plot is larger

be detectedrig. 7(a)—(c)display the shift of the YSZ(711)

Intensity (count)

for case (c)d decreases linearly with sigy for all the cases.
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Fig. 6. Result chart 06—29 scan. The incident beam was irradiated to the foil part.
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Ll 25.7 258 259 Thus we employed the calculated value of the elastic con-
(©) 20 (deg) stants for the stress estimation (they are listedable 2.

. . . o These elastic constants were calculated from the reported
Fig. 7. Results of 2 scan for different. The incident beam was irradiated lasti tants of cubic Y 8 ina the Voight del
to: (a) the naked electrolyte part of the foil part; (b) the cathode part; elastic cons a_n s of cubic YS2,8] usmg e Olg. mo e
and (c) the alloy foil part. [9]. In the Voight model, the elastic constant is indepen-
dent of the diffracting plane. The estimated residual stresses

Thus, we can estimate the residual stresses in the electrolyté'n the electrolyte using the calculated elastic constants are

using the following formula.

E 1 o Table 2 - . .
0=— X — X —— (1) List of the stiffness of the cubic YSZ used for the calculation of the
1+v  do  dsirfy elastic constant
wheredp is the interplanar spacing under a stress-free con- Elastic constant Electrolyte (GPa)
dition, E andv are the elastic constant and Poisson'’s ratio. C;; 400
In the X-ray stress measuremetandv must be measured  Ci2 110
using the X-ray method. In the present stress measurementS4 55
E/(1+v) 182

however, we did not measure the X-ray elastic constants.
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Table 3 Principal Stress
List of the estimated residual stresses in the electrolyte [MPa]

Part Evaluated stress (MPa)

At naked electrolyte 486

Under cathode 471

Under alloy 551

listed inTable 3 Everywhere in the electrolyte, the estimated <-6.80e+02

residual stresses were compressive stresses. As comparel
to in the naked electrolyte, the calculated residual stress is
slightly small under the cathode, and large under the alloy
foil. Thus, it was found that stacking the cell changes the (,,
residual stress in the electrolyte.

In addition to the stress measurements, the distributions Principal Stress

max =-6.32e+02
min =-7.06e+02

of the residual stresses in the stack were simulated us- [MPa]

ing a computer simulation technique. The stack geometry
(cathode—electrolyte—anode, separator, and frame) was mod- >-6.60e+02
eled precisely, and the distributions of the residual stresses ::f:ggz:g
in the stack components were calculated using the finite ele- & < 6726409
ment method (details of the method for the stress simulation | <-6.78e+02
have been reported previoug§0]). In the present simu- ::g:gé::g:
lation, we assumed several calculating conditions. First as- | <-8.96e+02

sumption was the temperature at which the stack components
were constrained (connecting temperature). The tempera-
tures at which the electrolyte and the anode, the electrolyte
and the cathode, and the electrolyte and the alloy foil are (®)
connected were assumed to be 1400, 1250, and ©0fe- Fig. 10. Simulated distribution of the residual stress in the electrolyte at
spectively. In the simulation, above 1400, 1250, and“@h0 room temperature: (a) for the single stack; and (b) for the single cell.

the anode, the cathode, and the glass sealant were treated as

plastic materials. That is, only below the connecting tem-

perature, these components would contribute to the residualbg_3004. This discrepancy may originate from the follow-
stregs in the eIectronte.. Second assumptior} was th.a.t the reing two reasons. One is the connecting temperatures were
duction of the anode (i.e. the change of NiO to Niin the st hroper in the stress simulation. If the actual connecting
anode) would not affect the residual stress in the eleCtm'yte-temperature is lower than we assumed it to be, the simu-
Our previous stress measurements for the co-fired cells re-|5¢eq values become larger than the measured values. An-
vealed that there was no marked difference in the residual 5iner reason is that the elastic constants used for the stress
stresses between the cells with the oxidized and the reduceqsiimation were inadequate. Since the X-ray elastic con-

max =-5.75e+02
min =-6.96e+02

ano_des{lO]. ) . o stants, in general, depend on the diffracting plane, also in
Fig. 10(a)displays the simulated stress distribution in the e present stress measurement, the X-ray elastic constants
elef:trolyte at room temperature. The absolute value of the st be measured using the YSZ(7 11) peak. However, we
residual stress is smaller under the cathode and larger uny,seq the calculated values as the elastic constant, and thus it
der the alloy foil than in the naked electrolyte, which is may result in a less estimation of the residual stresSigs.
qualitatively consistent with the result of the stress measure-10(a) and (bjare the comparison of the simulated residual
ments. The comparison of the residual stresses for the meagresses in the electrolytes for the single cell and the single
sured and simulate values are listedable 4 As compared  giack. From the figures, we can find that the residual stress at
to the simulated values, the measured values are larger bythe naked electrolyte for the stack model is almost the same
as that at the center for the single cell. This suggests that the

Table 4 stacking of the cell will not affect the residual stress at the
Comparison of the measured and simulated stresses naked electrolyte. In our previous evaluation of the residual
Part Measured Simulated Modified stress for the single cell, the measured stress and the simu-
stress (MPa)  stress (MPa)  measured lated stress in the electrolyte were almost the same. In the
stress (MPa) previous evaluation, the same X-ray elastic constants as the
At naked electrolyte 486 679 633 present estimation were employed to estimate the residual
Under cathode 471 670 612

stress. Besides, in the previous stress calculation, the con-

Under all 551 705 719 .
nder afoy necting temperature between the electrolyte and the anode
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was assumed to be 1400 which is the same as the present residual stresses are not so large as to induce a failure of
assumed values. Considering these facts, we can concludé¢he electrolyte.

that the origin of the discrepancy between the measured and

the calculated stresses in the present case is improper elastic
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