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1 ] A S8 AL P B RE FRL T (solid oxide fuel
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B, Br 7B AL AV RE, HOA B SZHE SOFC ik
JEUTT < Ja 0 2V RE R 2 M T F 45 44 BE I mT 5
SOFC 32 b2 2% FE I, T LART XS Hiith 2 J= R G 7Y
¥ £ 37 7R % 5 HE CG-AFL fy sz 1719,

25 LRTR, N T 4 CG-AFL 16 T Jbh FE A4 2
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2 AR
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JEI AR AL, JE S B R R AR 1 T2 R 23 il
N ha, hy, hg fhe. FEVES L BN By, s, By,
a1, By, ag M Ey, ap. Hif B/ a 73 3 9 3 R B
MTEC. 1R ZR Gt R 1 1 LK (0 5
2 J7 AR AR 20), W58 PR AR B 2 A% D U A o B
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FEARA AT R AEFAE S . B R GEh PR ] o A
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Fig. 1. A Schematic showing mutilayer system joined

by a graded interlayer and the coordinate system.

e=[(p+A+y)dd — pdd]/pdb, (1)

b, Ao NAHAR IR T AR XS B . &y = 0, 7T
7530 2 AR AL 1) 1 N AZ DN

g0 = [(p+ A)do — pdb]/pdf. (2)
BT A% (1) 980277 1% (2) 7T LA B 500 J LA 5 &R
e=y/p+eo. 3)

FIEM B FAGAE AR R R
09 = E2(6 — OngT),

— (h1+h2) <y < —hy, (4)
01:E1(6—a1AT), —h <y<0, (5)
g = Eg(e — gAT), 0<y < hg, (6)

of = Ef<€ - afAT), hg <y< hg + hg, (7)
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M*T ZAT</ Eraydy + Eyarydy
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+ / Esagzydy + / E’fozfydy>~
0 hg
A7 72 (10) A0 (11) AT 43
T _ T
L_NTC - MOy )
1% 02 - 0103
MTC, — NT
R T 13)
2 — 13

f1 DA b g ik SmT DAFE A 75 AR (12) R0 (13) Hh i
NT A MT g5 5 A2 4175 5 00 B Ik 77 R0 B o 25
. 8IS eo A p IR AR, 57 FE (12) A1 (13) ARANT7
T2 (3) K & Z I AR 0 7 72, AR 5 3R 19 R
G NL I RAE A, KT — AR R, H 1554
By o I8 H Ny A AR I B8 B, 7E 7 72 (12) F(13)
rh AT R R BB A B S AT 40 SR R G AR AR R
FEMRBE, 5 FE o o AL (1 BRI, S el 4k
TN IR i SR ). X b T E 3 (25 °C) M
800 °C A JF iR & F Y SOFC, 7K 3T Z W 5 FE K i,
HABW By Ml ag My = 0ESBE]y = hy i 2 00
‘F%y‘ﬁ$ [15,22,23]:

Eg = E1+ (Er — E1)(y/hg)", (14)

ag = a1 + (af — a1)(y/hg)", (15)
Horh, fa¥ion & — AN IESEH, F R HIEL R Z 34T
SRR E SR A

3 HRET®

FRAE SCHR [19], 15 2 15T SOFC - F it 11 BH A
SCHENELE NIO-YSZ, #8534 J5 1) 2 FLt B A S 4%
I NiO-YSZ JZ M Ni-YSZ JZH W ZE 451, 52 4538
JE B BH B 7 43 9 B )2 Ni-YSZ. ¥ CG-AFL 5] A\ F|
Ha Yt 2 A AR AR ke I8 50 40 3 T 1) 2 e ek )
MER—ANNEE A4, mE 1R, KRR
2ARENI-YSZ )=, R 1R NIO-YSZ =, BhE=
& CG-AFL, HIEZE YSZ. A T F T, A
AR CG-AFL B 46 FE AR A0 B0 A 72 340 Ji7 71 AT Ji
JEYIH T RE (14) F0(15) #I8. FF B al A, 4
FH A% S 73 56 45 B Ni-YSZ AR B i, F it B 4 578 438
JE. TR S hy = hy 4+ ho N—EH, &
JRFEEE (degree of reduction, DoR) A LAE XK

ho

DoR = — 16
oR =52 (16)

i
hi = hy(1 — DoR), hy =hsDoR.  (17)

IR (IT) AN TR (12) 1 (13) K AR R A
K77 R, #h R & & JZ )15 DoR K RIRE 5
AT
T R, =T A S PR e

J5 B BH A J2 Ni-Y'SZ A i #4548 38 5 BR 40 2H
B, NiO-YSZ M 2 i 77 i FBE To B AR B 38 5 i
(Trea = 800 °C) By # AL & Ni-YSZ W& J5 il B2
BEACEN =30 T FI AR A B (24

Ly = anio(Trea — To) + ani(T — Trea).  (18)
EZ 2 2 A A Y ) 5 R (4) S2BR E2ZBE T anio
Moan; B2, P ani(T — To) ImAHAR el SE
bR b SCHR [19] i 7 2R T AL

3.1 HERTK

AR SCARBE S Lt L AT — A i R R R R )
10 pm, BJEEZ 400 um P2 =R & EMEHG
HESHANER 1 Frg). HU1200 °CNE N R E,
BA] Sy LA AT BRI 92 3% B 4 6L RS = T 1200 °C B, HLf#
JRY'SZ 43 A W S5 1) 45 0 A i B JEORE g 1. o
HLIB7E R (25 °C) T, AT = —1175 °C, fEi8 R
IR (800 °C) N, AT = —400 °C. HAjJLFATH
P M R BH A% S # SOFC #U 2 A AFL, HJERE@EH A
20—30 pm, X P AFL il # 5 0H % S 8% B A A
2N Ak A T B R L B R A R AL 2 R
e B8 AT AR B B . U D R AN A
JEE J (0 Bt B S AT 1 i

Rl Rl RORIE TR #9120

Table 1. Material properties of half-cell before and

after reduction.

L E/GPa v E/(1-v) o/ppmK!

8YSZ 2150291 .31 312.6 10.517,29]
NiO-8YSZ 100[24:28] .29 140.8 13.0[18]
Ni-8YSZ 5001241 0.29 70.4 13.1 111

AN B B FE Z BH A S 4% SOFC - i it it 26 i
DoR WA R R E 2 frox. R 1 IS 50w
4R (ap = 13.1 ppm-K—1) R EE T i ih %
b6 DoR B3 KT K, 58 4iE 5 (DoR = 1) K
M R BIE R HT (DoR = 0) Bl & K, X2 Hh Tk
JER BB BT ) B 20 9 S A BB B — 2 (R 1), BEANIE
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J ik PR S B b HE AR B AR < RS R, XA A
PARTIIRE 5 [3, 17, 24]. {E8—$EM£, %A
Ni-YSZ = TEC IS 4L T, Hith il 22 2 90 58 4 A
[E] Atk #a % BEE NiO-YSZ FINi-YSZ 2 [ TEC
ZE SR B O, Rt E I T P AR B H R R B
. H B, MNIO-YSZ B ML J5 N Ni-YSZ i,
BHAR JL-F-AS R A A AR A 32 FR T A A2 1 9
BN A FL B R M (127300 L2 K& 1
S50 IR 3R 43 BT B, BH AR ] 4R A J5 R
FHNI-YSZ ) TEC Bl ok 1731520 s 42 4 ¥
AN RBE, WIUGIE S FE NiO-YSZ 5 Ni-YSZ 2.
[ K1) TEC 2 52 A AT, SR, Bt BHARE
SRR TAE A AR R SR SRS BRI HL B AR R 2E F 41
et fE b, O SO0 W52 3 dth il 2R B B 1 I
KA B B EAGHT 0 il 7 ) B S U CRAFE 2
ag = 11.7 ppm/K B [P I2R). HeAh, A FES
A5 PERR = A R AT 38 P B g (N R R ~T B9LFL
B % 01 P AR IX 3% 9 P AR AL I R R NHO-YSZ
Ni-YSZ Z [/ K TEC 2 3Ll fE ), A4 A
JIT Sk ST A Y S B b SR B G T P A A R P Y
2 A ISR T R

e
as =13.1 ppm-K—1!
3k
T2
g
> 1t as =12.5 ppm-K~1!
‘Q
O ) S N 4 i
=
1k
_2
—3}
1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

WFEREE DoR
2 EIE (25 °C) TAEHELR B S 3 SOFC - Hith fh
i DoR WAL AL
Fig. 2. Curvature of graded-layer-free anode-supported

half-cell varies with degree of reduction at RT.

Wang 25 U1 5F 78 7 2.5—13.3 um J& & ) CG-
AFLX b AL = M Re I 2, S5 SRR R f
9.8 um &1 CG-AFL ik 2 55K (¥4 H o) R 5%
1.10 Weem ™2, 5y 7 W0 86 B 2 X2 d th i 2 1
s, ARAE AR (12) B e BAA 10 pm B2
{124 i 7 =535 R L il R B 2 n AR AR B (T
K3 FIR). LARTIHBHE TR 2 2 R G002 il

J i R PR RO BRI B B 1), sy
T2 (14) TT LA HEH 50 00098 Kb 12T B MR L FE
BT, 35 28/ B GE 1 I S AR, AT 5
BN ., 3 T LU, B R
HI TR,

4.0

R p=1/m—1

2.0

1 1 1
0 5 10 15 20
188 n

B3 =il (25 °C) NHFA 10 pm EMEZ AR Y- H
TR ANIRE n KR
Fig. 3. Curvature of un-reduced half-cell having

graded layer of 10 um as a function of n at RT.

i T 7> RENVER LK) CG-AFL ST il H
kBl AT n = 1 9 SR R F R HOR B 18 B
J2 T RS A Lt ol R RS2, BB A i K AR
VEASB IR AL AR A, B4 AT 5 235 s T
AL T, B R T B B 34 J7 - it
A< R R, e AT, O SRR T L S AR
FER BN R M. TR R I B R R KT
R 2 - RE L, ol 2 X THER DoR = i,
AR PRI B 2 5 BE G 7 AR AR [ 2.

5.5

5.0 F

4.5

4.0 -

3.5

3.0

i p—1/m~1

2.5

2.0

1.5 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

HFEREEDoR
4 ZR (25 °C) T HAAFBELZ 5 LR it i 52
HIEJFEFEEE R R
Fig. 4. Curvature of half-cell as a function of DoR for

various graded layer thickness at RT.
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2.0 T T T T

2% p—1/m—1

0.5 1 1 1 1

0 0.2 0.4 0.6 0.8 1.0
RIFFEEDOR

El5  EJFIRE (800 °C) FHRA N FMEEEE 1
Tl 2 5 IR SRR BE I 0 R

Fig. 5. Curvature of half-cell as a function of DoR for
various graded layer thickness at reduction tempera-

ture.

FET UL b At 5 R e A Bl e B AR A AR
W, E6 a, b, c, 4 TANE AL Z B BB AE B
AIUEIE ST AR T AR O, Hoda, b FROR
FHEISHRE, AN b, c KRB RIS HE, 2K,
M b, ¢ FIR/NEURT DoR, 24k &3AT] B 5 #fiid;
¢, d F/RFIRIEAE, MR FIIEK; a, dRRER T
BRI, AT 4 IR FESEBRB L, a, b Al
c, dIBH AR P a), by, ¢, dy BaRBHIEE
JEFED10 pm 2 F A B AN W) 4608 5 T A2 R )
AR, RARBE L2 B I N BB L T R
Mg, eI R,

fil —— hg =0 pm

----hg=10 ym

Hh&p—1/m—1

Reduction
1

0 200 400 600 800
¥ T/°C

6 P HIMMFERIARIE U R v Y il 2 ARl
Fig. 6. Curvature change of half-cell during initial re-

duction.

3.2 NONHEEN

TR R LR S IR R
(n = 1), HJFEEX SR T ARIE R BB R R
JS2 T B T R, AN SRR R ) R

T FRL A BT KRR AR B ) O —739——T746 MPa, iX
5 A P @ XRD J7 7003 5 A 36 52 H b
(~10 um YSZ/~390 um NiO-YSZ)  Hfift i 75 &
I RIFR AN /7 (—812 MPa) JEH 23, MK 7w
B0, TR B R IARAE, R KR REJZ /PR S 4 5t
TR AR 0 I 3 488 eV 81 A IO/ 6 1 2 R T Ak
JERE Sy, UGB 1 77 2 1 i 5 R AR A, (R
N SR AR A B R AR LR M ). W RS 2
(n — oo), BHK/HE AR T T T AL 1 B ) 22 5 PT BAIA
FI| 824 MPa. B FEJZMAFAEMY AR T FTAL RS
SR AR A, T IR SRR T R R RS, I
W 5 5 U2 R P (O B 0, P AR O P PR B AR R I 7
SN, ERREE R EE N 15 um I, HLAR 5
H R AN ST %R —663——653 MPa. B8 BiR T
LEMEAR AR Z (n=1) A 10 pm JER, AN[F

30 T T T T T

20 B
g hg =15 pm
<
>
Bl
=

10 B

hg =5 num
hg =0 pm
0 1 " 1

1 " 1 " 1 "
—800 —600 —400 —200 0 200
H}'Jog, or/MPa

7 =R (25 °C) TR EE R ELEEXT R B RE ) i
RIS 5340 B

Fig. 7. Residual stress distribution in graded layer
and electrolyte with different graded thickness at RT
showing effects of graded layer.

2() T T T T T
10
3
=1
+—0.3
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~
S 10+ 4
o
& 10
3
n=1
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0 1 1 1 1
—800 —600 —400 —200 0 200

N Hjoy, of/ MPa

K8 EiR (25 °C) FHEIn X4 10 um EREEZ 144
TWFRAR L 4347 R R R
Fig. 8. Residual stress distribution in graded layer and

electrolyte with different exponent values, n at RT.
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BEn DT, AU SRR L JZ T I S 2 A A L.
R X HL R S PR B AR L T 1D 5 ) A AR R AR
(1, RUBEE n AOIG K, FLMRJST o (0 1 2 th i 2 A%
K. TR B R S o3 AT BN R 2% 7 245
(IR, B LR B R A 2 TF A B R A,
& VLR L2 Th K B K BN A B AR A B R A A
fEy = 04k, TFERE n AO3E K AT RE R AEAERE LR N,
Ry = hg B3l FAUBREER P IR 70 A O
MRS [1922) ) X AN PEIR.
200

- T -
150 at y=0
b at y = —hy(1—DoR) for reduced anode

IR WA YN
o -

- T
-50 | ‘

at y= —hg ]
T at y= —hy(1—DoR) for un—reduced anode T

—600 4
3 at y = hg+ht 1
—650 B

—700 F at y=hy

1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
KIFFEEDOR

9 =H (25 °C) T& 10 um EHEZ 12 b 7E 5 4
BJFRES T IR S50 A

Fig. 9. Profiles of residual stress in half-cell having
graded layer thickness of 10 um as a function of DoR
at RT.

BT BRI AR A0 JEUE R, AR L 8 SR Y
BER A3 5 (9 BE AR 1) B 3 340 R 2 23 A 190 9
H, Mn < L5, B2 R 77 3 A0 0 5
iy (15220 25 F B AR DoR [ Hi (n = 1,
he = 10 pm), RZEHE R L FRM (y = —hs,
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y = hg) AR JTARES, B4 BEAS 2 Lt (1 B 7
WENRE G KE. OB T BB TR DoR
PR Sy oA, H R, TE AR L R
AR, BREE S /BARSCHE T (y = 0) RbiR%E R
A B KRN Fg, T L BT /86 P J2 AT (y = hy)
BA KM ERL ). U5 8 R /B DoR
1) 184 KT 38 W09 b, IHTERIRES (DoR = 0) [
—680——689 MPa 4% Jy5¢ 4 ik JFRZS (DoR = 1)
1) —572——587 MPa. H/Nid Ji i 2 b 34 FH )
MEMBRIyY = —hs KN S B DoRH —4
B4R E, I —18 MPa 25 A —42 MPa. /¥
J2 /PH AR S £ U (y = 0) Ab [ 8. ) 7E W46 38 5k
A — AR, WBILEIRAS (DoR = 0) 1199
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(BT H By A). X FRRL R 7 53 oot e &0 kL2 3R
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(RIBT 248 77 (86.0 + 21.5) MPa [, Fr Ui K flid:
ISR S R A S A i I M o
9 A TR BPIRAS 72 — PR IR, I A Reik 2.
Rl N4 Hth DoR = 1 B, ©ATELE NiO-YSZ H,
BEEE, A BN B (79 MPa) Fios RS, K,
S o R LRIE RV 52 A IR iR, R 43340 B 1) PR
M (RE 24 DoR — 1H) 550 N ol RESZ 245 4%

4 % ®

H AT, 2 7 2% BH B S #¥ SOFC 1 Hi AL 7 1
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FHEEZ L. ACHEHIH CG-AFLII AR Z = &
G Rk S T oM BEAR S HE SOFC AE) U ik
JRIERE P ) g5 AR, AR B LU T 4t

1) BHA% SZ ## SOFC - it 117 1l 26 7247 46 34 Jif
TEFR ARG R, AT ROE JFORAS T AR i)
RIRFENE;

2) CG-AFL 8951 ANASBE [F) I o538 v it 1 i 2
AR T, CG-AFL fg i35 51 AL 1R R ) AN 48
IS, AF L) fie % 2k b D BH AR I I8 30 B T, (R B
AR H IR /75 B2 CG-AFL BI85 NE & T
FELVH P it 2565 SRl B AR E n B OR, HEZRAR /NP
[ B E 38 0T HR AR o R R R

3) & CG-AFL [ L 7E 3 20 1B FUIRZES R, o
£ 2 /AR HE FUTH (y = 0) &b B S KRN 77,
T LA B /Ao BE J2 5T (y = hyg) B SR HIE R 7,
BRI A i e K B 7 1T g 5 BRI S 4.
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Abstract

Solid oxide fuel cell (SOFC) is considered to be a highly efficient device to convert chemical fuels directly into
electrical power. Because of multilayer composite arrangement of cells, mismatch of the thermal expansion coefficients,
chemical/thermal gradient, or phase change of the materials will result in residual stresses, which are reflected in the
pronounced bending of unconstrained cells and cause a reliable problem. Considerable efforts have been devoted to
the analysis of residual stresses in an elastic multilayer system, and one of the efforts that are to improve not only
electrochemical performance for high energy conversion efficiency but also long term stability, is to process a continuously
gradient anode functional layer (CG-AFL) between dense electrolyte and porous anode. Hence to understand the stress
distribution and deformation of the multilayer with a CG-AFL is needed for the cell design. As the chemical reduction
takes place at the interface between NiO-YSZ and the previously reduced porous Ni-YSZ, a reduced layer, together with
the unreduced layer and the electrolyte will cause the residual stresses to be re-distributed. In this paper, taking the CG-
AFL into account, the curvature and residual stresses of half-cell during reduction are analyzed. The results show that
the curvature of half-cell with a CG-AFL increases as the reduction process. And the curvature would also increase as the
thickness of the CG-AFL increases, and decrease with the increase of the index of power function that expresses young’s
modulus and thermal expansion coefficient of gradient layer. The residual stresses among the layers are correspondingly
influenced by the thickness of the gradient layer, the index of power function and reduction extent. When taking power
function as a linear function, the gradient layer obviously reduces the residual stress in the electrolyte. However, the
increase of the index in power function will cause the increase of electrolyte residual stress. These mentioned analyses
reveal that the CG-AFL cannot offer a solution that simultaneously improves the residual stress and curvature in a
half-cell in terms of thickness and profile exponent of CG-AFL, i.e., the mitigation of residual stress will give rise to the
increase of curvature, and vice versa. On the other hand, for part-reduced half-cell, the maximum tensile stress is found
at anode/gradient layer interface in anode layer, which may facilitate structural failure since tensile residual stress is so
high that it reaches the fracture strength of anode material. Consequently, it is important to ensure that the anode is
fully reduced in practice. In conclusion, the existing gradient layer is helpful for enhancing the cell reliability via suitable

design.
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