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Damage evolution analysis of C/SiC composite specimens with holes
based on synchrotron radiation CT and deep learning

LIU Qiaoyu, WANG Long",HOU Chuantao’, LI Zhigiang, LIU Wugang

(Science and Technology on Reliability and Environmental Engineering Laboratory , Beijing Institute of

Structure and Environment Engineering , Beijing 100076, China )

Abstract: The damage evolution behavior of center-notched C/SiC composite components is investigated
under uniaxial tensile loading by conducting in sizu mechanical experiments based on synchrotron radiation
X-ray CT observations with deep learning algorithms, 3D digital image-based finite element method (3D
IB-FEM) , and digital volume correlation(DVC) method. The intelligent identification of different types of
internal damage, including fiber bundle cracking, matrix cracking, and delamination, in center-notched C/
SiC composite specimens under uniaxial tensile loading is achieved. Furthermore, the relationship between
damage evolution and strain concentration is established. Deep learning-based damage identification and
quantitative analysis indicate that both the center notch and initial pores influence the locations of damage
initiation. The results of the three-dimensional digital image-based finite element analysis reveal the effect
of initial pore geometry on crack initiation, while DVC results demonstrate the correlation between
widespread strain concentration in fiber bundle regions and delamination damage, as well as final fracture.
The three damage forms—fiber bundle cracking, matrix cracking, and delamination—are interrelated to
some extent. As the load increases, adjacent delamination areas connect to form matrix cracks, which may
further propagate into fiber bundle cracks. Under tensile loading, the primary failure modes of fiber bundles
include fiber bundle fracture, fiber bundle splitting, and fiber bundle sliding. The presence of a center notch
does not change the failure modes of the fiber bundles.



H54E 1Y

BT RS CT SIRE2E 21 C/SIC & A RHRRATFLIRK A0 5 8 1k 43 63

Key words: C/SiC composite material; X-ray CT in-situ tensile testing; damage; deep learning; digital

volume correlation ;image-based finite element

R T A 3G i AL i SE IR R 2 A B RE B C/SIC B
G OB, S —Fh S i Y B B 52 A AR (ceramic ma-
trix composite, CMC) , B 454 T R 4E 0 = 5k FE
L L R0 7 2514 e DL K ik Ak fik 3 A4 i i %) AR
FE M BT AR R Rl D AR B TR YR
AL 23 LR A G ARAR Tz W o BRI R SRk C/
SIC & A A RN T R AL Fy S IBh 40 R g bt 78
EFa oI & T C/SICE A M B © T8k
HEE I 0] T X-38 KAT AR B, P Tl Rl
C/SICEAMEITF & T CATAREATS S L HEE , N
FRATER LIFEEAT Tl PR A A R 5
FiEAdi H C/SIC B A M RHTF & T AR vh IR & s LI e
HTERE
Tk S C/SIC & A Mk E S BN T, infEh
R B2 e T s M R v R RS R 4 e, R S T A
7 RN L KB T 4 27 2 S il 1 €/ SiC
AR IR TRBEER 42 rh ), 5 C/C R A M BHH
Lo, TSI T 3 6 SIC e 8 i SR BHE R, B RHY
P AEUA FEE 5E DR BT DA vy, LR RE X A8 S B0
B ot (R TR TS A ) AN

H A, #1xF C/SIC &2 & b4 Bk E B 1m] a7 A 28 far /5 H]
TR AT O C A AR 2 B SR B R4
S3HT DT T WS ARGE o AN, B e e T e I T
Ji& C/SIC A M BH L g, 45 R 3R W, bR 452475
AT R W] 3 M TR B 5K R AR R B0OE AR
T RGO R B i 3B B, bR R S I I T 2L
TCRFEE I £F Y- KT 24 B B ; Novembre 2506 C/SIiC B &
ARG R 2 YA 5 B AH , SRR SR Tsai-Wu g
HERAER A, A YW T HENEPEAT A, >R A PR TR
B 5 AL T R E R AR 5 2 T By RR R AL A5
PRE B R R, 25 R WoRBANSE R S s
W) & R Lin %9 90 5 A R ot 31 ABAQUS (1)
UMAT P C/SIC B G MBI 15470, AL
ARV IT , R 7 BB Jr k48 T C/SIC
52 A BB 5 8 A R | 7 W 3T 5 SO0 2R 3L 2 [
MKFR . C/SICE G M EHE TR b FH I 75 2 LLE 2
S AP TE , N FT A TE o L I & 4508
Ko 1 HATC/SIC & A M kR e FL 2461 45 78 Ak
G3M 7 T A 5 A R AR R AL

C/SIC & & AL P B LH % 4% , B 1] i A
VRN 4 O A2 X0 e 20 T HA e AL

A AR TR BN AR 2%, ] SR AE TR A 4
()3 473 Yk o R A T 2 AT o O SRR PR AR . S %
S5 0 P AR 20 AR L, R A R AR AT LA 7 i S 5 Y [
B, B UL TR AR A BHE S A st UL 45 48 5 8 A8 17
R R SRR C/SIC B A M BHR i kAT M
A B g T Be o A FE A 4 L 4 55 vk HRE 48 s b
F 2% T A IR A O AR b, X5k CT F4i R AR W] LA M
WL & A A2 2 00 il N R4S A 1y 28 Ak, BRI E
A3 RS R U= Sl - R v/ S N R DA (i P U
B Rl 5 R ML EE S . M TR &
CT, [AI2 48 5 X 14 CT FE kA7 A7 SE R B, 38 7 2
A R B[] A A B] A3 FER 2T R C/SIC & A #E
7 FLIRAA8 1 YAk o B A AR R A8 B

X 2k CT AL 0 45 4 v 14k, S o3 B 41 R
WP HE T A RGRE SR T C/SIC Z A& 4k
() N BB R 2 A, HL2F 4k 5 FL IR A5 40 1) 0K B A 25 5%
AN ARG B AR AE BT 5 WA 5 D SRR
X 25 S A5/ NI G AEAE 2o B2 3 3 g T R A
T MEX X =3, H— kS 4 Tk EIE,
P X IRAR 2 , Fahbric AL, IEF R G4 kR
R B9 N T ReAE A 3 1 50000 U7 T B BRI #, xf
/)N B A 405 4 OB B, DR R TR B 2 T i
Gy BB CRVAR I B B R R B 250 /3 ID) 2
i BT A MORHROW 2 43 5 B BE i TR o Rk KOk
SIS FH R B 2 ) MERR TR S P A S SO S =
el Ak o BRMG S5 L T IR B 2 ) R 4y H O vk )
H T W EAR R L 43 )2 S AT R e RN
PRI FEAE TR 2 153 B . Kopp 557 (i F 45 BLpp
25 M 2% (convolutional neural network , CNN)AE S~ 1 B
22 AR B 4% 38 X [ 2E R S CT EHE Al
i, SEIL T Wk £F 4 3 08 %8R} (carbon fiber reinforced
polymer, CFRP) J2 H Hi i [ 43 25 . Badran 55 gk
T CNN Fa] 2558 55 CT BIGO 2F 4 1 5 it Ak Ak P 28
B GBI R 5B G T T 4 E . Gao
SR FH R 84 Dragonfly AR BE 2 2 B He X ik £k
RER & 52 A MM O F gk CT EHG2E 111
e TR 3 A3 G W S o A o P o
TR TR BE 2 > 7 AR B A RSO 2H 43 Fn ik i TR
S T B B R B 1o SRR S8 B 1Y A8 Aar N 2k ik
T v 18 BIUR B 2 2] AT (R 45 403 8 A 5 TR A B g A
FEARFE | FF HA B TR B 2 > TR Bl o {52 DA 3R X6}



64 BT R

2026 41 H

PORH 0 i B A 5L A TR SR I T B A5 G HAh Ty
B A — 2D 540005 0 A T 22 T 3 1 7 A
A, 87 R B 5 (digital volume correlation,
DVC) K K144 FR 7t (3D image-based finite element
method, 3D IB-FEM) (¥ & 8 J5 3% 0l A F 43 #r
C/SiC & & M BHR B f3 i A= Fnig ik . DVC J& —Fh
TIOR8 =4k 43 78 T8 W Sk 5256 2 T i
e Gt (0 AR i 3 T T A R JRs 3 3 T A N AR A
Bt JC AR B B A, T DVC 454 CT HR
B AT 2R B A2 T 15 () WA = AR R RS, BRI 3k
AR PR P AR 3K B2 1 1 72 37, AT AR R 43 493 5 iz
AR 2R RN >, 3D IB-FEM &% J5 74 &
—MPEEA T EUR IR E AR A PR e ik R mT L
L CT BRI LRI AY |, XA 4T I 4% )
53 A A B TT AR IR I SR AT I 8RR A 43 A, BT AR
—E R TR R ) 2E AT R AT A
Poiak RS TR XL CT 454 DVC & 3D
IB-FEM 0443 7% , HARFAAE TRl LS B0 L e R4,
PR ERBA RN ERAT 5 — A B 5 B A S AR R A b
LA SR LI, I HOWEEAN [R5 45 2 TR A IE 2R
A TAER T 4R 5 CT R HOR 9 AL
WAL, A IE ] . DVC K 3D IB-FEM, Xt Hrs
FHELIY C/SIC & A MR 4T A A S5, IR
FEH BRI 12247 o B e b ALY C/SIC
EAMBHREAT X BT CT R PR S5 s R 5, 3
TR 27 2] T3k 43 B ial A oA 4 0 1 i A LAt A
DL R A e RS 2 e, 36T 3D IB-FEM A DVC

20 4
(a) m
e |
T i
_’ | %"_ 4xp3
w___ 4xR2 -
<t [N - - - ¢2
MmN S —

2B TR AR YRS AR = [ Y SR
1 SREMB57FE

1.1 RIEHE

A S5 LUK 2% A 2 % (chemical vapor infiltra-
tion, CVI) T Z: il £ 19 C/SiC AR BF I X 42, 3
T T X SR CT I o7 1 52 56 A4 8 iR P R FL
A, 1) s o A — SR 4 mm iy
THEF SRR C/SIC A PHBRE A, oA — 82 A
L TE AT 25 11 R4 1 Bl 2T 4 o G 4 2 BRI
RO TITFFLEAREE N 2 mm, 5763 IRIZ R S50 1 LK)
2 mm AR T 0.
1.2 LWHE

ARSI ) X SR CT I A A i 76 L ifg ) 25
RO BL13 W il 58 1, #1I ] Deben CT 5 kN Jit
AN I 21 8 S IR 3 A2 ) B ) S il [ 2D R A
KGN ZR & £ e 1(b) fifR , 32 28 i SRR LR
RN AR ke SR AR A A o AR S5 v [ 2 A
X P AH R 22 KV, X B2k CT #8025 19 70 R0
6.5 pm/px, A L 5 B A8 Z [ B R A 0.2 m.
FE A o B i s 5 e i 180°, e §% 13 Jié i 3 B 0
0.5 (°)/s, FE MR AT EE 6 min, A4S X LB
() BEGINE[R] S 4 ms , B P45 52 v ] 1Y 28 3R 5 [R] R 2y
k360 ms, FEAFIEIALEE 1002 5k 5 . F A6, FERE
AT G 2 R E Sk B &, B E R 59k
W 5 T E R E

v
LA ==
"
\

SN

P 3RS () Je X PR CT I 52 30 e 5 (b)

Fig.1 Dimension of specimen(a) and X-ray CT in-situ loading device(b)
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(a)training process of delamination identification ; (b)training process of matrix/fiber bundle crack identification
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Fig.9 Uneven distribution of initial pores in the specimen

(a)aggregation of initial pores in the specimen along the X-direction; (b)aggregation of initial pores in the specimen along the Z-direction
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Fig.10  Statistical distribution of initial pores in the specimen

(a)distribution of initial pores in the specimen along the X-direction; (b)distribution of initial pores in the specimen along the Z-direction
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Fig.11 Delamination propagation with the increase of load leading to formation of matrix cracks
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Fig.12  Fracture surface of the specimen

(a)3D view of the specimen after fracture ; (b)failure modes of fiber bundle
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Fig.13 3D IB-FEM analysis
(a)meshing of 3D IB-FEM analysis; (b)result of strain calculation and example of CT slice (3769 N) with damage;

(c)strain distribution and crack initiation evolution process in the representative area of the specimen under 1440 N
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Fig.14 DVC analysis
(a)rough mesh generated by DVC Local Approach; (b)fine mesh generated by DVC Global Approach;

(¢)initiation and propagation of delamination in the representative area of specimen and the distribution of strain
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