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Abstract

The purpose of this study is to characterize thermal stress distribution in a planar
solid oxide fuel cell (pSOFC) stack which is being developed at the Institute of
Nuclear Energy Research (INER). A 3-D finite element model for a multiple-cell
pSOFC stack is constructed to solve the thermal stress distribution at different stages
including start-up and steady operation. The effect of creep mechanism on the
variation of stress/strain distribution is taken into account by applying to the finite
element model the previously obtained creep properties of the interconnect steel and
glass ceramic sealant. Combing the numerical results with mechanical strength of
relevant materials, assessment for structural integrity of the given pSOFC stack is
conducted on the pSOFC system being developed at INER. Simulation results
indicate the maximum equivalent stress in PEN, nickel mesh, and interconnect at
each stage of the pSOFC operation conditions is less than the critical value obtained
in experiment. However, the maximum equivalent stress in glass-ceramic sealant at
the after-assembly and shutdown stages is somewhat greater than the critical value,
which occurs at the corners of the interface. At the long-term operation stage, the
equivalent stress of all components decreases with an increase in the operating time,
while the strain barely changes. It indicates that stress relaxation takes places in the
pSOFC stack at operation stage due to a constant-strain creep mechanism. In
addition, the maximum normal stress and maximum shear stress on the interface
between interconnect and glass-ceramic sealant exceeds the critical value from

experiment.
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Z 800°C B (s* MPa™) A w5 7.2x10 1 2 26x10 2 s m @Rl 4 w5 1.1
#2117 [27] s & E 4 Corfer 22 H i > 5B 0 2254l 58 (TR P 5%
K2 R BB T Ok R FE GRS VAR F RS F B [29]
T Fatiag ot o HERMT R RS ET RV T B4 n 400°C -
1100°C e f¥ ¥ > 4 4p 2 B S0 B (S MPa™) g % 3x10%m & % 4.6[37];
BIHR L GC-9 chin s » &7 b i Corfer 22 H e el 5 1 i (7w B o B
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RAE o SH AL 0 B 4 800°C T B R F B A i 4 o Ao
B = [38]#77F o

% - ~ PEN 4F ehsfi {3 tadic [27,28]

Temperature Poisson’s ratio Elastic modulus
(°C) (GPa)
25 0.29 49.0
650 0.29 32.8
700 0.29 31.6
750 0.29 30.3
800 0.29 29.0

# = ~ Corfer 22 H ef ¥ |25 [29]

Temperature Yield Ultimate Young’s Elongation

(°C) strength tensile strength modulus (in 12 mm)
(MPa) (MPa) (GPa) (%)
25 406 567 205 27
300 375 522 186 27
400 364 499 185 28
500 343 451 183 29
600 286 359 181 29
650 241 295 161 30
700 204 219 142 39
750 140 147 88 54
800 120 123 86 55

16



4 = ~ Corfer 22 H sn# 998 i [30]

Temperature Coefficient of thermal expansion
(°C) (10 / K)
20 -
100 9.8
200 10.1
300 10.5
400 10.8
500 11.0
600 11.2
700 11.4
800 11.8
900 12.3
1000 12.8

Fow o~ 53V 4 e i (R [31,32]

Temperature Poisson’s ratio Elastic modulus
(°C) (GPa)
25 0.3 9.9
800 0.3 7.1

17



%17 ~GC-9nIi x5 1,000 -] pFpF s e dR 6 el e [34]

Temperature Poisson’s ratio Elastic modulus
(°C) (GPa)
25 0.3 16
650 0.3 21
700 0.3 22
750 0.3 15
800 0.3 6

23S HABRIKT
AFEE P TRV SOFC 78 4ok in i 800°C T AEF RS B T

Bk - et R an?ry ~ iR L3 Em gt vy REEEe BIEES
]G A e IR E (BT A E Tafd I B 538 1,000 4] 10,000 )
FFZ 40,000 /| FRIE TIP3 R RIS T8 B d BR Y PR IEE
AoBl N AT o T A enE RIFEGE » o B AR gAY o B el
R R Y d 358 800°C *5 3 3508 26°C m {8 g i o~ T F TR PR ERPE
BRd =R 25°C 2123 RRBARDLIEERS  MERSEAD Pa Y AT
YT SOFC T kst » T HGE AR AT FF iR & 0 &
B3P b B R L 802°C kMR % 651°C > 4ol 4 [12]975F o F T4 et o
BB TR RN EE RS ORET TR ORI BEA AT 0
B 4w 5 1,000 ) pF~ 10,000 -] pF 2 40,000 -] BF 0§ Rt PR B eERS
TR GS > AR SUER T 25°C MR T S e Al e T F IR (8

‘i_,, N T gﬁ)‘@’! /1,1\:;\;; o
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e

—
o
n

!
[s2]

Minimum Strain Rate (s™)
=

—_
o
-~

10

B —o0—650°C
Crofer 22 H - o--700°C
L & 750°C
- 800°C
<
pe
n=3 /_,-<>
g
N N N N N P | MR |
10 100 1000

Stress (MPa)

Bl ~Crofer22H 2% BE AT » S| BHE F 54 g4 i 5 [29]

107

10°

1

—h

o
(a1

.
<

Minimum Strain Rate (s ')
o o

107°

[~ 800°C ;
—&— Non-aged GC-9
--<- 100 h-aged GC-9
—-A- 1000 h-aged GC-9 v
=y _|.
g A&
u n=6 o ,-’f
.'lI D I'Il
N i
"' O (
- [m] J
n=16 i n=31
| |'I , |
1 10 100

Stress (MPa)

Bl= ~ 7 f PE2Ed® GC-9 £ 800°C ™ » B | i F 5 4o 4 i s [38]
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Cooled down to
room temperature

Heated to operating
temperature

All components assembled
(800°C)

!

After assembly stage
(25°C)

l

Operating stage
(Start-up)

!

Stress free state

Operating stage
(1,000 h ~ 10,000 h ~ 40,000 h)

I

Shutdown stage
(25°C)

B~ ~ T 4558 SOFC T 3% s st ¥ 2

+8.019e+02 (°C)
+7.893e+02
+7.768e+02
+7.642e+02
+7.517e+02
+7.391e+02
+7.266e+02
+7.140e+02
+7.015e+02
+6.889e+02

+6.764e+02
+6,63%e+02
+6.513e+02

B4 ~ T4 3% SOFC ¢ # 321 178 & ¥ [12]



2.4 % 3z i p|

AP T 7T 4N SOFC § %4 3 & B~ 2 TP Gl ? ™ iR % R
Bm g2 ekt A4 #32 R HRe 3 0 AR BRSO S Ea it T
A4 HAEE A G SRS 2 sk s HOER 4o T #1243 o PEN 45 SR A 5 A
T TR AR R R B P U R R T SR R 0 B ki
FEERRA R R AR O FHER SRS AP RAFEE S M
SRR & addRir Corfer 22 H chfm » % 36 G B I8 2 MR R R 2 T R A
Pt s Flut BB A kR P hE o4 R RIET o Tresca o4 0§ 2
Hcid Az Corfer 22 H e"% tkag B P62 4 i eh4 2% 5 38 1 2% GC-9 ehin
AP RERTF FR RO AR 25°C R I 0 A AR
iE 800°C ¥ | Byt 2l » Tyt MOR PR AL & s R Ar R F chE a4 b B
A BRI Y Tresca Foxfh 4 AL aiA o Bt a iR
Xox iRl uE 4R AR Tresca Fougd o a0 Flg sk SR 0 2 Hed
MAgiE > 3 32 A2 B FIP A AT P B s 7 L gk ino

Bt b PEN i > B R T B i R T BT R
% 187 MPa[39] > @ » % 28 ™ PENH ¥ § i} i e &= 8 T 800°C & %
SERRGER HuR¥d R A 187 MPa ™ "% 5 112 MPa[39]; 4 Fiddsd
Corfer22 H &R » H PRI R AR ' Kp AV Bd PR FHTo i
dod = [29]%7 % 3 BLIHIR E R GC-9 chR A 5 #-15iF 1,000 /| BF PE s EST (4 ek
FRETe B EB 1F e H Fur s & 3T 25°C &2 800°C e e 4 W) 5 45 MPa
z 36 MPa[34] -

B HRID G HAL R D E S o ARER T TR et R
EAAAIGRR  BEFAGRL DI 9 54 2 P 4 A A4 A 25 -
FaFL AR T RAFATY 0 A RFHDIG A Y L AR RV
Corfer22HE 3 LW GCOEZE Lo MEE B ERRT R g 5% A NAe
FTiEd PP RFHRETT AME 25°C o BEe TR SR AL B4 EEh
T4 Ea %5 22MPaz 6.6 MPa> %% § 800°C p¥ » 42 & & 7 /KX ehd % It
wlsA EE PR B G T g 2 A w5 127 MPa 2 4.7 MPa [40] ;
BERPFOR G RREIE  VEd FRERTRE T FAF 2 ERE G 800°C

o
F_‘-

prusl
—

F_

Wi
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TV T4AziE 1,000 ) EeE s 0 AR A Gl et AT R4 dkE

4+ % & ]+ 11MPa[24] -
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AR g E Y T AL Z BINA T 0 - HAT N SOFC § 4 3
é"@;r’b_ﬁnﬁ'\ﬂthk,‘m&" Exfgd o HFEHT A LT FlE A @
PRI MBI A RERE - AR LR T AR A e B

BAT AR AT G 2 ERB AR TS RS T R AR

R FE TR ot BT 4 4B
LBt 2 X e AE R RN R AR ARLE 0 * KA
ABP B S BF A R oA BAEA 351,000 ¢ BF~10,000 /)
P& 2 40,000 /| PF3E (718 cng BB IFE G F AP e 4 A F F Tt 2 1,000
JREG R A REP RO RS TE 5 P 2 d FIBl A T B Bkt D
=% o Bl 5 PEN g 3 ot AT R xS e ERE () 2240
Ww I FRAGE PENF < 1 4 2754k o Ao 3 4 hdo=
B4 2 22> PEN 4522 £ il fdr cndd o o 075 & (Feifade [P 52 iE
000 | PFi& iF1s cnB B R IEE > A WA ch 4 A AR TApueh> H B
RA A kA B L AA R AR S T b e £ B4 0 Tresca ®
el d A BB - AT RR SR ERR (3i) 2 TR BRIz
SFEE > FOFAR N E st A ARE o B Tresca i 4 chbox mE 4 b
Bt b BT 4 EIFagad FF R 2 5 1,000 | pFIE (TS g R A
SPE o Tresca $2afpd chb A B34 4B L B2 2 A BRFEERRB
E gt
PBBEBNE g AT RRAeB L - rm o d R F LR
ﬁj‘«f’f*’i%@"“?*&r&méi TSR RREL s R E Y
WEPFREERE 4 F 7 PR Gg FUER GO G i Ak g o 43 e hin
H

&> B Tresca £ a4 A % BlacRl L = 7 0 AR EEMFE (RE) R4 E
H

=

b

s

Fefadp b2 T80 BWLE I T RDGE > X o0kd b2 EYE 2 A

b
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s EFELNE L) Y F R A EITEELEPFERG > TSR
R RARA P akiRg J i@

peob s TR N SOFC T4t 2 it A 4R o FEE TR chg X B2 4

o 4143 1R 2 B R R R T e K

iRl Bt B § PR S B EAREE RN B B

ABRAEFERF A RABIFE L LA R o F &7 hilic® ¥ 400 PEN 5 -

BB 2 aeal BREAFIRRS TAZ Fh X E204 BF ] Wi

AR 4 o FI R g AL R4 vt LI AR

e (RR) 2R PR w Iz RonE > X faok s %

d v BRI s BRERY > B4

Bo (Fhot Sonfd B4 &) €3 BT A 2hT ik o gL b o R TG PIA

PRy T4 B g e~ £ R (1,000 - p¥+10,000 /)

PE% 40,000 -] pF) 8 (FREELPE 0 4 RBERFF R EY 3 TR A

FRAFFanpEl gL o Rk B ﬁﬂi&%‘b,ﬁ&@«k SRR I 370 ey A

SEP LB AETLIm
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Fao TR EAE AT R FEITRE kA B

PEN Nickel mesh  IC©/Frame  Glass-ceramic sealant

Stage MPS® MTES® MTES MPS MTES
(MPa) (MPa) (MPa) (MPa) (MPa)
After assembly 64.6 75.9 197.9 65.7 -

Operating stage

Start-up 8.56 4.40 59.6 - 34.5
1,000 h 7.83 0.0027 48.7 - 20.0
10,000 h 6.67 0.0016 45.5 - 18.4
40,000 h 5.51 0.0012 43.2 - 17.5
Shutdown

After 1,000 h 66.5 80.5 213.4 70.5 -
After 10,000 h 66.3 80.6 228.0 73.3 -
After 40,000 h 67.7 80.6 236.8 74.4 -

Critical Stress

25°C 187 480 406 45 -

800°C 112 150 120 - 36

(@) MPS: maximum principal stress  (b) MTES: maximum Tresca equivalent stress

(c) IC: interconnect
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(100MPa)

After
assembly
(25°C)

Operating
stage
(Start-up)

Operating
stage
(1,000 h)

Shutdown
(25°C)

z

(100MPa)

After
assembly
(25°C)

Operating
stage
(Start-up)

Operating
stage
(1,000 h)

Shutdown
(25°C)

z

+Ht bbbttt

FEtEEt
9
N
®
o

-9.518e-03
“1.720e-02

- +6.944e-02
.222e-0;

2e-0

oroumounounounono

tHt bbbt bbbt
(=]

DOWHNO=WADO
FERFFRIRRT
0000000000

+1.923e+00

+9.613e-01

+1.724e-01
+1.294e-04

+7.496e-02

-9.604e-03
-1.72%-02

B+ ~PEN s+ 2 4 Ao % B

maximum stress

Bl - ~ £ pdEFTresca £rafg+ 4 % B



(100MPa)

After
assembly
(25°C)

Principal Stress

maximum stress

Operating
stage
(Start-up)

o)

Tresca stress

i
- |
|

N

stage
(1,000 h)

+h++ thtbbtbttbbttd A b bbb+
Y. EENIMUTNID L LS L PR

Shutdown

(25°C)

Principal Stress
z

.049e-0

.601e-0
+5.152e-0
+4.704e-0
+4.255e-0
+3.807e-0
+3.35%-0
+2.910e-0.
+2.462e-0
+2.013e-0

+1.565e-0

B+ BB LY ehE s L R4 % Tresca £»cfg* 4 % B

[

(100MPa) maximum stress
After

assembly
(25°C)

+H+b+ bbbt

0250

+4.547e-0:
+4.176e-0:

&

Operating
stage
(Start-up)

|
i
Operating i
|

bttt

+
+

+

+

L

+

+

T

+

T
+2.750e-05
+2.572e-05
+2.395e-05
+

e
+
+
+
+
+
T
+
+

stage
(1,000 h)

tHttttt bbbttt

6.163e-06 6.110e-06

+8.093e-01
+7.454e-01
+6.814e-01

Shutdown
(25°C)

z

+4.179e-02

Bl = - specnTresca £+ A % )



Bl-Ltw -~ 4

(100MPa)

After
assembly
(25°C)

Operating
stage
(Start-up)

Operating
stage
(1,000 h)

Shutdown
(25°C)

z

Y

(100MPa) +3.926e-01

After
assembly
(25°C)

+9.113e-02
+4.089e-02

Operating

stage :
(Start-up)

Operating
stage
(1,000 h)

Shutdown
(25°C)

z

Y

B BF-RBE L2 PR BFE T ORI LR DL R L

R R
gy

e-02
02
- 0
0;
.84
8 02
4.
66e-0;
182300
.840e-03
1.4
-2.569

el
i3

+

. -6.905e-02
.786e-01
468
I e-01
+5.134e-02
+1,
-7.595e 02
1396e-0

LE 4

e doin
332

++ 4+

+2.042e-01

| ¥3.760e-
+1.795€-
6920
51e.02
116e-02
-5.080e-02
-6.062e-02
| +8.7286-02
Je-C

-1.467e-01

DEFS Y REY S TR N A F S EUEEEDEIE RS ¥
(23 X2 eal it LHEY ST gd)



(100MPa)

+1.!
+1.669e-0
- +1.400e-0:
After : .132:-0
+8.636e-0.
assembly 1855558
o S
(25 C) -4.784e-0
-7.468e-0;
-1.015e-0
-1.284e-0

maximum stress

s e-
+6.293e-0.
- +4.884e-0.
+3.475e-0.
+2.066e-0.
+6.572e-0.
-7.518e-0.
-2.161e-0.
-3.570e-0.
-4.979e-0.
-6.388e-0.
-7.797e-0.
-9.206e-0:

Operating
stage
(Start-up)

Operating
stage
(1,000 h)

+2.141e-01

Shutdown
(25°C)

z

6 &

Bt s 2 BRRF-RBEL Y2 BRRKET hd BRRIF LS D o

(100MPa)
e i
assembly | s
(25°C) el

-1.053e-01
-1.233e-01

+1.067e-

maximum stress
+6.372e- :g

. +4.727e-

Operating E s

i S

stage yszeen 18530

.2 -0. . 259e-

(Start-up) TR g

-7.856e-0; -8.111e-

S
RORONNGEISSSSS

b3
-4
+6.028e-02 +5.490e-02
+5.046e-02 +4.621e-02
e) i 15083608 Bdsac0z
Peratmg 133076.03 L +2.016e-02
1138e83 13785608
Stage ’3.438e-0 S503e-
-1.826e-0. -1.459-(
-2'807e-0 -21328e-
(1,000 h) 35 3
’ -4.771e-0. -4.065e-
5.752e-0. “4:933e-
+9.24%e-02 +1.083e-01
Hieen B
+5.1 » g »
Shutdown Hee 205e02
+2. B S &
'6%“:;) 4-2 .465031e-4
-1.607¢- & -
(25°C) e
-7.035e-0; -5.785e-
z -8.844e-0. -7.632e-
-1.065e-0 -5.479-02
-1.246e-0. -1.133e-01

Y

Bl = & BRI L& BRI T Pk Bl nd 6 YR
(23 X2 eal it LHEY ST gd)
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(100MPa)
2.386e-01

47801 maximum stress
S43e:08
.669e-02

03

-1.740e-02
-3.909¢-02
- -6.079e-02
-8.249¢-02

“1.042e-01

+1.131e-0
- £91909e-02

\513e-

+1.345€-0

Stage “1.262e-02
| -2.658e-02

(1,000 h)
2 -5.451e-02

+42.334e-0.

- +2.037e-0

+1.739e-0:

BERPE
+1. -

+8.475e-0.

Shutdown i
+2.531e-!

250C - -4.420e-03

-3.414e-02

-6.387e-02

-9.359e-02

V4 1.233¢-01

X

After
assembly
(25°C)

LEEEEHE
L »

3

Lo

o

S

2

= OOWW
Ahio)
[GIE
e
@
O
IN]

Operating
stage
(Start-up)

O AR
WoONWLR Wi
OONWONDO
RNOOVLRUNIN
®®mMmOo 0 (ID {?
OOOO00000
WNNNIN

Operating

+4 4+t
=N AN
VIO WNI= U
WNNIN -
=B O N W
oMo
SO0O00:!

Y
B~ PEN -3 L %-2 P F B gt Bm L Bihdo & v i

O sy s

Aﬂer ! 13338603 ! 15908503

e e

. 355e- - $2.653e-

assembly e 12500
(25°C) 255 2302
-7.624e-0. 7.106e-
-9.022e-02 29.057e-
-1.042e-01 = -

+1.200e-02 . 3

! +720%¢-03 maximum stress ! e2e.

: el 1
Operating 88 ifae
stage 3636e0 s
-3 -0 -2.063e-
(Start-up) 30z Z80ee

—_— +9.

+7. +4,390e-0;

. ! ." ¢ o ! : .67 :O
Operating Y 5
1 18.0826-

Snage 2 524500
(1,000 h) hikeo BT
y -3 -2.774e-
4.1 -3.490e-

6.538e-02 -

18335603 118338

Hag e

Shutdown * :337791;& +4466e0
(25°C) 543880 Favze
15 I
B o
T -056e-01 B frios

x{‘v

B4 ~PENF-#BBILB-£ hdRpr R a3 i Bads ¥
(2B : X3t > LBEY 3 edd i)



B =

(100MPa)

After
assembly
(25°C)

Operating
stage
(Start-up)

Operating
stage
(1,000 h)

Shutdown
(25°C)

z

E]_:_L__

(100MPa)

After
assembly
{26°C)

Operating
stage
(Start-up)

Operating
stage
(1,000 h)

Shutdown
(25°C)

z

*PEN -3 53 1 %

+7.027e-0
+5. .

in
N
N
AR dids
SO
RORRROR

Y

www

N @ AU

PN NP SR
? N
tx3

[ $5.751e-0
‘648e-0

b e ot +H+ 4+ 4
G Sloarieing
B~ grinr 00
EFANSLAURLTHGR
FEIRER RSO
SOO6EH2 TR Y

SIS

*PEN -3 14 2

Y

+44++ 4
HELbE
220y
SeENe

292%
23888

o

+1. 305e 01

‘5:82%¢-02

+7.205e-02

-4.027e-02

-+

3.282e-02

-5.736e-02

);3

/

3/

%ﬁ

EHBRFF DL HI R D

maximum stress

/

maximum stress

+6.294e-0
5.

R e

+++x++
Bl ph b
0
O
®
O
o

i

7.032¢-02

ook 4

B-t A EFEFOsHRBEFE LG TR
(25 Xl st » LW Y ol fd)
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2~ AR BF-ABBIB-EBBBRFT 2 FFELBREF 9 1

w4 2T

Interconnect / Frame

Stage Stress (MPa)
Oz Gzx Gzy
After assembly 19.1 12.3 11.5

Operating stage

Start-up 7.66 7.86 8.11
1,000 h 7.70 6.03 5.49
10,000 h 7.40 5.68 5.18
40,000 h 7.22 5.47 4.52
Shutdown

After 1,000 h 214 12,5 11.3
After 10,000 h 22.7 12.4 11.2
After 40,000 h 23.1 12.4 11.2

Critical stress

25°C 23.0 6.6 6.6
800°C 12.7 4.7 4.7
Creep_1000 h <11 <11 <11
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EA ERRBRF-ABRIB-EHERFRE > F FRERFRLB A 6 L

w4 2T

Glass-ceramic sealant

Stage Stress (MPa)
Oz Gzx Gzy
After assembly 32.5 20.3 19.5

Operating stage

Start-up 7.75 10.2 10.7
1,000 h 7.81 6.91 6.06
10,000 h 7.62 6.30 5.41
40,000 h 7.21 5.95 5.18
Shutdown

After 1,000 h 36.7 21.1 20.4
After 10,000 h 38.8 21.4 21.1
After 40,000 h 39.5 21.5 21.5

Critical stress

25°C 23.0 6.6 6.6
800°C 12.7 4.7 4.7
Creep_1000 h <11 <11 <11
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4 “PEN¥-#BHRIB-£ HBHFF > IR EEHIRFE NG DL w i

4;@’:}%4

Interconnect / Frame

Stage Stress (MPa)
Oz Gzx Gzy
After assembly 5.82 7.03 7.32

Operating stage

Start-up 4.03 3.08 3.45
1,000 h 2.49 3.09 3.30
10,000 h 2.42 2.89 3.30
40,000 h 2.34 2.65 3.30
Shutdown

After 1,000 h 5.74 6.85 7.03
After 10,000 h 5.65 7.47 7.19
After 40,000 h 5.64 7.81 7.61

Critical stress

25°C 23.0 6.6 6.6
800°C 12.7 4.7 4.7
Creep_1000 h <11 <11 <11
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Glass-ceramic sealant

Stage Stress (MPa)
Oz Gzx Gzy
After assembly 23.9 10.4 12.4

Operating stage

Start-up 15.6 4.55 5.36
1,000 h 11.3 4.10 5.11
10,000 h 11.2 3.91 4.95
40,000 h 111 3.78 4.85
Shutdown

After 1,000 h 23.3 10.6 12.3
After 10,000 h 23.1 10.9 12.3
After 40,000 h 22.8 111 12.3

Critical stress

25°C 23.0 6.6 6.6
800°C 12.7 4.7 4.7
Creep_1000 h <11 <11 <11
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Ao S REHEAE R RS S L BR

PEN  Nickel mesh  IC®/Frame  Glass-ceramic sealant

Stage MPE® MPE MPE MPE
(%) (%) (%) (%)
After assembly 0.97 1.22 0.92 0.99

Operating stage

Start-up 0.12 0.13 0.21 0.19
1,000 h 0.12 0.71 0.21 0.19
10,000 h 0.12 0.94 0.21 0.19
40,000 h 0.12 0.95 0.21 0.19
Shutdown

After 1,000 h 0.97 1.22 0.92 0.99
After 10,000 h 0.97 1.22 0.92 0.99
After 40,000 h 0.97 1.22 0.92 0.99

(@) MPE: maximum principal strain  (b) IC: interconnect
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