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(a) SPT clamp structure

(b) Main components and geometric dimensions

R, is the support radius of the lower die. R, the radius of the ball. R, is the
radius of the specimen. R; the radius of the inner hole of the lower die. R,
is the chamfer radius of the inner hole of the lower die. ty is the thickness
of the specimen. A is the center point of the lower surface of the

specimen.
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Fig.2 SPT clamp structure and geometric dimensions
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P, is the maximum load of the stage I of the curve. P, is the maximum load
of the stage II of the curve. P, is the maximum load on the whole curve.

uj, U and uy, are the displacements corresponding to P, P, and Py,.

B3 NiO-YSZ Bl /b AT ik B i~ 7% h 25
Fig. 3 Load-displacement curve of NiO-YSZ anode small
punch test
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(c) Stage 111

(d) Specimen fracture

Kl 4 AFEINEM B NiO-YSZ 3R S 22 & Fr
Fig. 4 Microscopic observations of NiO-YSZ specimens at
different loading stages
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Table 1 Characteristic loads and corresponding displacements
of 22 sets of SPT results of NiO-YSZ

Specimen U;/mm P//N Specimen u;/mm P)/N
1 0.015 7.46 12 0.021 10.86
2 0.016 11.22 13 0.016 8.52
3 0.014 7.22 14 0.016 10.94
4 0.012 6.58 15 0.016 9.76
5 0.018 7.96 16 0.024 8.18
6 0.017 7.62 17 0.023 8.46
7 0.026 12.00 18 0.020 9.71
8 0.024 11.76 19 0.016 7.72
9 0.023 11.36 20 0.026 12.12
10 0.027 11.64 21 0.021 10.56
11 0.016 9.76 22 0.019 9.98

Mean value  0.019 9.61

P, is the maximum load of the stage I of the load-displacement curve of the

specimen. U, is the displacement corresponding to P;.
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Table 2 Mechanical parameters of specimen and loading
ball materials

Component Elastic modulus E/GPa Poisson’s ratio v
NiO-YSZ specimen To be determined 0.30
Si3Ny loading ball 300 0.25
RP displacement
Loading ball
Y
L.y
V4

x RP encastre

Upper die

Specimen

: Lower die
N~ ;
7 Symmetric

>‘< RP encastre

K5 NiO-YSZ PHAR/IN T 15 LT 2
Fig. 5 Geometric model of NiO-YSZ anode small punch test
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Fig. 6 Comparison between finite element calculation results

and experimental (specimen 18) load-displacement
curves after parameter determination
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Fig. 9 Weibull statistical distribution diagram of tensile
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Table 3 Calculation results of characteristic strength and
‘Weibull modulus using different equations

f b oy/MPa m
Eq. (5) (Xiong) bs 162.60 7.53
bw 160.88 7.61
Eq. (6) (Soltysiak) b 162.62 7.53
bw 160.90 7.61
Eq. (7) (Timoshenko) 163.67 7.53
Eq. (8) (Shetty) b 153.85 7.53
bw 152.13 7.61

f is the scale factor. b is the loading radius. oy is the characteristic strength. m
is the Weibull modulus.
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Fig. 10 Weibull statistical results of tensile strength obtained
from different formulas (by)

3 i

DL PS4 SOFC (MM, NiO-YSZ #4
BB TN G, 3@/ @A S T
WRAERITEE. SEM Wi 0a0#r, I£454 Weibull 2%
IRHE AR, 193] T NiO-YSZ Mtk Mg &kl s
PERE B, RAE SR A Weibull B4 )2 VE e S 4,
P T aE I oA G SR A5 [ AR SR A R H
NiO-YSZ BHMR B BRI WU R B (1) 732, BAkshie
wr.

1) NiO-YSZ AR/ il &t —Ar 7% i 28 B
A 3 ANEATRHEE Py Py Al Pyo 381 SEM SR
A [F) 56 By B B 1 30RE (1) 2 80 AR A R
B, AR B Py R N R OB R AR T R,
WE T POA R 2L -

2) FEL T WM RE N AT S 1) ) B AR
AL, I PR 4 AN D7 S R LA R A B
NiO-YSZ BRI+ 5 E [ Weibull Fiit-45 5%, 153
TIERAT /AR NIO-YSZ M &k FEHiL %
Bt E AR

0,={1.046 —

14
0.6211n[(0.001R** +12)"? - 0.675t,] % (14)

3) NiO-YSZ BHARA B 58 FE B A 2 B, 18
I3 A A BR TR T TR R NiO-YSZ BHAR A
LI AR BN 40 GPa.



16 -

(RERR &)

J Chin Ceram Soc, 2024, 52(1): 9-18

2024 4

4) PR 7T/ R A [ R S A

PV PR P AL A LR S B TR VAN i R
ot 22 RIS S5 AT BT, 15 8 T MM R
(T hz 5 FE AR SR Z A 160.90 MPa, Weibull £
= mA7.61.

Sk

(1

(2]

B3]

(4]

(3]

(6]

(7]

(8]

(9]

[10

(1]

[12

(13

STAMBOULI A B, TRAVERSA E. Solid oxide fuel cells (SOFCs): A
review of an environmentally clean and efficient source of energy[J].
Renew Sustain Energy Rev, 2002, 6(5): 433-455.

RAMADHANI F, HUSSAIN M, MOKHLIS H, et al. Optimization
strategies for Solid Oxide Fuel Cell (SOFC) application: A literature
survey[J]. Renew Sustain Energy Rev, 2017, 76: 460-484.

AZREEN J, NURUL A, MAHENDRA R, et al. Review of composite
cathodes for intermediate-temperature solid oxide fuel cell
applications[J]. Ceram Int, 2020, 46(15): 23314-23325.

¥Rz, RAEE, B, A& B AR TR =2 E0 A
rp [ ML TR 224K, 2022, 42(9): 3117-3126.

XIN Baoan, SHAN Baoguo, LI Qionghui, et al. Proc CSEE, 2022,
42(9): 3117-3126.

W5, BERE, AR, 55 JREE A AR R R R
IEWFFL[]. R E TARERNE, 2022, 24(3): 118-126.

HU Liang, YANG Zhibin, XIONG Xingyu, et al. Strateg Study CAE,
2022, 24(3): 118-126.

B, T, DR, &5 ARSI IR T R SE IR AR
HEIR[T]. P 2AAR, 2021, 42(3): 360-375.

FENG Yu, DING Xiao, MA Zheng, et al. J Ceram, 2021, 42(3):
360-375.

LIU W, ZOU Z W, MIAO F X, et al. Anode-supported planar solid
oxide fuel cells based on double-sided cathodes[J]. Energy Technol,
2019, 7(2): 240-244.

HAGEN A K, RASMUSSEN J F, THYDEN K. Durability of solid
oxide fuel cells using sulfur containing fuels[J]. J Power Sources, 2011,
196(17): 7271-7276.

TRINI M, JRGENSEN P S, HAUCH A, et al. 3D microstructural
characterization of Ni/YSZ electrodes exposed to 1 year of electrolysis
testing[J]. J Electrochem Soc, 2019, 166(2): F158-F167.

e, X, BT, S 4 R RN H R I A R A A e
B APEREIEALT]. TEHU R4, 2012, 27(9): 965-969.
YANG Xiao, LIU Xuejian, HUANG Zhengren, et al. J Inorg Mater,
2012, 27(9): 965-969.

YU J H, PARK G W, LEE S, et al. Microstructural effects on the
electrical and mechanical properties of Ni-YSZ cermet for SOFC
anode[J]. J Power Sources, 2007, 163(2): 926-932.

GB/T 23805-2009, &4 P %2 % I 4 A i AR 8 77 VA (S]. Jbmt:
Il b 4 L R A, 2009.

GB/T 23805-2009, Fine ceramics—Test method for tensile strength of
monolithic ceramics at room temperature[S]. Beijing: Standards Press
of China, 2009.

GB/T 38512015, 5 £ A% [m) W 284 5 B W ¥ [S]. bt
PRtk AR AL, 2015.

GB/T 3851-2015, Hardmetals—Determination of transverse rupture
strength[S]. Beijing: Standards Press of China, 2015.

[14]

[15]

(16

[17]

[18]

[19

[20]

[21

[22]

(23]

[24]

[25]

[26]

[27]

(28]

GB/T 29459.1-2012, FEARK L& G mATRV N AT BT 55 1
oy BS]. dbut: HERRAEH AL, 2012.

GB/T 29459.1-2012, Small punch test methods of metallic materials
for in-service pressure equipments Part 1: General requirements[S].
Beijing: Standards Press of China, 2012.

GB/T 29459.2-2012, fEAR/K LB @A RN AT IR T7 7558 2
Ay FR R B E R A8 T [S]. bt o B AR AE H AL,
2012.

GB/T 29459.2-2012, Small punch test methods of metallic materials
for in-service pressure equipments Part 2: Method of test for tensile
properties at room temperature[S]. Beijing: Standards Press of China,
2012.

SR, ZEMERH, E5L, 5. 2T BP WA MBS /N R IR E7E
A TEN SRV PERE VAR C[T]. %5243, 2020, 52(1): 82-92.
SONG Ming, LI Xuyang, CAO Yuguang, et al. Chin J Theor Appl
Mech, 2020, 52(1): 82-92.

ZHONG J, MING S, GUAN K, et al. Application of a database in the
evaluation of strengths of Cr-Mo steels by means of small punch test[J].
Int J Mech Sci, 2020, 166: 105195.

RASCHE S, STROBL S, KUNA M, et al. Determination of strength
and fracture toughness of small ceramic discs using the small punch
test and the ball-on-three-balls test[J]. Procedia Mater Sci, 2014, 3:
961-966.

G, G, FEE, S Sk R S e R ) S YRR TR
e BRI, RERR 24, 2019, 47(8): 1065-1072.

YAN Peng, FAN Yuchi, WANG Lianjun, et al. J Chin Ceram Soc, 2019,
47(8): 1065-1072.

KA, FHoEE, KRR MEMELFIRM]. PRI I /KRR TR
K2R, 2005.

GUAN Changbin, GUO Yingkui, ZHAO Yucheng. Introduction to
ceramic materials[M]. Harbin: Harbin Engineering University Press,
2005.

TR, AR RE, IR, 5. 8L R A B S (A S PRkt v it 1
PN [T, EERR R AR, 2022, 50(5): 1233-1240.

SONG Ming, DU Chuansheng, WANG Bingying, et al. J Chin Ceram
Soc, 2022, 50(5): 1233-1240.

XIONG Z C, JIANG W, SHI Y, et al. Evaluation of high-temperature
strength of Mo/PSZ composites by modified small punch tests[J].
Mater Trans, 2005, 46: 631-636.

SOLTYSIAK S, ABENDROTH M, KUNA M, et al. Strength of fine
grained carbon-bonded alumina (Al,03;-C) materials obtained by
means of the small punch test[J]. Ceram Int, 2014, 40(7): 9555-9561.
TIMOSHENKO S P, KREIGER S W. Theory of Plates and Shells[M].
New York: McGraw Hill Higher Education, 1964.

SHETTY D K, ROSENFIELD A R, DUCKWORTH W H, et al. A
biaxial-flexure test for evaluating ceramic strengths[J]. J Am Ceram
Soc, 1983, 66(1): 36-42.

WESTERGAARD H M. Stresses in concrete pavements computed by
theoretical analysis[J]. Public Roads, 1926, 7: 25-35.

=l sk, B, S5 FLIE AT AN S0 B e p ko L 1)
[T, BAMEER, 2014, 31(6): 1503-1508.

FU Yunwei, ZHANG Long, NI Xinhua, et al. Acta Mater Compos Sin,
2014, 31(6): 1503-1508.

SRVLZ. Wi MRl ek U7 24 1 S8 5 0 R[], AR R B



H52EH 1 KT EE: AT e PR LA A R FE It NiO-Y SZ AL 5 fE - 17 -

2021, 42(38 T 2): 287-428. DAVID J G An Introduction to the Mechanical Properties of
GONG Jianghong. Adv Ceram, 2021, 42(Suppl 2): 287-428. Ceramics[M]. Beijing: Tsinghua University Press, 2003.

[29] WEIBULL W. A statistical distribution function of wide [31] GB/T 40005-2021, A% £ P & 5k K (00 545 /R G843 B 77 ¥ [S].
applicability[J]. J Appl Mech, 1951, 18(3): 293-297. e EARAE A, 2021.

[30] (35)DAVID J Green 3, ZEI1%:%. PGB /12ERES18[M]. b GB/T 40005-2021, Weibull statistics for strength data of fine
B S R AL, 2003. ceramics[S]. Beijing: Standards Press of China, 2021.

Evaluation of Mechanical Strength of NiO-YSZ Anode in Solid Oxide Fuel Cell Based on
Small Punch Test
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(1. College of Pipeline and Civil Engineering, China University of Petroleum (East China), Qingdao 266580, Shandong, China;
2. College of New Energy, China University of Petroleum (East China), Qingdao 266580, Shandong, China)

Extended Abstract

Introduction Solid oxide fuel cells (SOFCs) are an efficient all solid-state power generation device and an important choice for
achieving the energy goals. The existing shortcomings like low high-temperature strength, structural reliability, and short service life
of SOFCs restrict the commercialization of SOFCs. The core component of SOFC, i.e., the positive-electrolyte-negative (PEN)
multilayer composite ceramic electrode plate that works in a redox environment for a long time and bears the cyclic thermal stress
caused by multiple starts and stops of the SOFC stack should have a good mechanical strength. The common anode material for
SOFC is nickel oxide-yttria-stabilized zirconia (NiO-YSZ) porous ceramic. The NiO-YSZ anode has some problems such as
alternating high and low temperature redox, carbon deposition, impurity poisoning, and Ni particle growth during operation, thus
leading to the deterioration of the mechanical properties of the anode. It is thus of great significance to evaluate the mechanical
properties of the NiO-YSZ anode for SOFCs and evolute the degradation over service time. However, the excessive clamping force
can lead to the fragmentation of the entire specimen due to the thin thickness of NiO—YSZ anode and the brittleness of the material. It
is difficult for conventional tensile tests to achieve the evaluation of the mechanical strength of the NiO-YSZ anode and PEN
components. The small punch test (SPT) is a testing technique that uses micro-sized specimens to obtain the mechanical strength of
materials without the need to clamp the specimens. This paper focused on the homogeneous NiO-YSZ anode material of planar
SOFC and conducted multiple sets of SPTs. In addition, a method was also proposed to evaluate the mechanical strength of anode
NiO-YSZ ceramic component of planar SOFCs using SPT.

Methods The initial experimental material was planar anode-supported SOFC multilayer PEN plate, which did not yet put into
service and prepared by a tape-casting method. The anode, electrolyte, and cathode materials were NiO-YSZ, YSZ, and LSM
(strontium-doped lanthanum manganate)-YSZ, respectively. The plate-shaped PEN was cut into circular specimens with a radius of
R=5 mm. The cathode, barrier layer, and electrolyte layer of the specimen were removed by mechanical polishing. The initial
thickness ty of the NiO—YSZ specimen was ultimately controlled to be (0.380+0.010) mm.

The SPT adopted a self-developed testing machine with a self-designed SPT clamp. The experiment was controlled by
displacement loading at a constant loading rate of 0.02 mm/min. The specimen underwent deformation until failure under the
stamping of the punch and loading ball. The load and displacement data were collected by sensors and the load-displacement curve
was drawn. The surface and fracture morphology of the specimen were observed by scanning electron microscopy (SEM). The
mechanical properties of NiO-YSZ anode (i.e., elastic modulus, characteristic strength, and Weibull modulus) were obtained via the
experimental results and mechanical modeling based on an inverse finite element method and the Weibull failure probability model.

Results and discussion The load-displacement curve of SPT of NiO-YSZ has three characteristic stages and three load
characteristic values Py, P,, and P,,. Based on the fracture observation by SEM, different loading stages correspond to the process of
crack initiation and propagation in NiO—YSZ sample, and P, is determined as a fracture load of the specimen. The elastic modulus of
NiO-YSZ anode is determined to be 40 GPa through a reverse finite element method, and the maximum tensile stress of the specimen
occurs at the center of the lower surface when the displacement reaches its maximum value (i.e.,149.16 MPa). The corresponding
mechanical model was developed, and a formula for calculating the tensile strengths of NiO-YSZ anode specimens was proposed.
Under the same conditions, the maximum tensile stress of the theoretically calculated for the specimen is 152.29 MPa, which is only
2.1% different from the numerical simulation result. The reason for the deviation ise due to the simplification of the contact process
during theoretical modeling, while the finite element method can more closely simulate the deformation between the loading ball and
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the specimen during the experimental process to obtain a more accurate numerical solution. The ultimate tensile strengths of 22
NiO-YSZ specimens were calculated through the theoretical formulas. The ultimate tensile strength exhibits a certain degree of
dispersion due to the inherent properties of brittle ceramic materials. Therefore, the Weibull failure probability model was used to
statistically analyze the results, and the characteristic strength of ultimate tensile strength of NiO—YSZ anode material is 160.88 MPa,
with the Weibull modulus of 7.61. This achieves the evaluation of strength, reliability and uniformity of NiO—YSZ anode material.

Conclusions The load-displacement curve of SPT of NiO-YSZ anode had three load characteristic values P;, P,, and P,,. Based on
the SEM observation, different experimental stages corresponded to the crack initiation and propagation stages of the specimen. After
the load reaches P;, some cracks appeared at the center of the lower surface of the specimen, and P, was determined as a material
fracture load. A mechanical theoretical model for the SPT of ceramic materials was proposed. The Weibull statistical results of the
tensile strength of NiO-YSZ anode were obtained by four different methods, and a formula for calculating the tensile strength of
NiO-YSZ ceramic specimens suitable for SPT was obtained. The mechanical strength of NiO-YSZ anode material had a
dispersibility, and the elastic modulus of the research object NiO-YSZ anode material was determined to be 40 GPa through the
reverse finite element method. A method for evaluating the mechanical strength of SOFC electrode ceramic components based on SPT
was proposed. The statistical analysis was conducted on 22 sets of experimental results, yielding a characteristic tensile strength of
160.90 MPa with a Weibull modulus (m) of 7.61 for this material.

Keywords solid oxide fuel cells; nickel oxide-yttria stabilized zirconia anode; small punch test; mechanical strength; Weibull
distribution



