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Deep Learning-based Damage Identification and Evaluation of
2.5D Ceramic Matrix Composites
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(1. School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai 200240, China; 2. Science
and Technology on Thermostructural Composite Materials Laboratory, Northwestern Polytechnical University, Xi’an 710072,
China; 3. The Sixth Military Representative Office of the Rocket Force Equipment Department in Xi'an, Xi’an 710072, China)

Abstract: The X-ray CT in-situ tensile test of 2.5D-SiCy/SiC composites was conducted to reveal the damage evolution and failure
mechanism of the ceramic matrix composites. The CT data of the materials during the loading process and failure fracture were
obtained. A deep learning-based image segmentation method was used to propose a three-dimensional visualization model of the
internal damage of the composites, and the number, volume, spatial distribution and spatial angle of the microcracks generated due to
the stretching were analyzed. At high loads, the tensile microcrack volumes are 0~5.3x10~* mm?, the fracture microcrack volumes are
0-2.2x10"* mm’, and the proportion of the microcracks with spatial angles of about 0° and 45° is relatively high. Meanwhile, the
microcracks are closely correlated to the pore distribution. According to the results by fracture damage analysis, the tensile damage
process of 2.5D-SiCy/SiC composites includes matrix cracking, fiber fracture, fiber pull-out and interface debonding. The fiber
pull-out lengths are in the range of 16.02-250.32 pum, and the average length is 88.26 um. It is indicated that the image segmentation
method based on deep learning could offer an effective way to reveal the mechanism of material damages and evaluate the degree of
the damages.
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3 HRGW#

3.1 RN

Kl 7 2 2.5D-SiCy/SiC M R 451 1) = 4k
HAIE, SR LT AE R RS (L ) o 2k, 21 2T 4
AR RE N PAT T y B EL . WIAFLER ) A

Initial pores Weft

(b) 3-D rendering of Initial pores

K7 2.5D-SiCy/SiC E AR KM A 4 — 4 TR
Fig. 7 3-D reconstruction of meso-structure of 2.5D-SiC¢/SiC
composites

M B B 2, A = i e b DL o,
A AR UR FLBR B 2 B AT AR & I 2T 4R 2
[f], REARD, MEHRWILEILEZE Y 9.69% .
3.2 H{HRRERL

Bl 8 o T 2w B sl JRUT bR A 1) F A4 45 R
FETURBE 25 S RGO 25 R . A R
(] 8a)y ] %1, LI APRL B4 T XN FE A TT 2L
BBV G ER EUR . FLER S TSI 7 45 51 DL
LU = 43 B 8b~Id 8d Fi, e ALERLL
Gra R, MERLLIE A ER. WERHMEEES MR
SRR, R IEARTFRL 7 A I AR s 2R
ST R A AE P 22 2 1) £ 4 A S 2 8] (R 22 1)
CRYEACN R, LR ) SRR R R R B RN, R
MRt 1) 52 i S B p 8 1) 2T A RO 2 A

Zgiit, WIRE THEIFLEREN 11.83%, 14
FAGUAARL N R BRI 0.02%. K 9 g
YU GO, W UR SO A
HifE 0~5.3x10* mm’ Y, 46k 2 B LUAR R
F1x107° mm’, BHA PRI KL R A
NI EMEIEANTEESE . U 3 AN ARBRE T A (AR ST
B AL B A i 1 10 FioR, 2 () A A Js
MO RTH 8a, MEHE x. yo z 8l LK
54 3 082+ 3653 5022 um. HIK 10a 7750, #4K
W x BHOF )T I SLBR R A A 4], TR e
T 2 500~3 082 um ARbRTEFE A . HHE 10b.
Kl 10c nl%n, MENT .z iR, Zr)ffLEE
A BN, TEFLBRE XL, L
B, A ARSRIAEOCE . FRUOW LR RN
gL ) A (B ey B 8d) T4, 7E y z HliJy 14l
e i) v b, ALBRAR 3 A 7E 2 AR R x il



» 1770 - CRERR R 2741 ) J Chin Ceram Soc, 2021, 49(8): 1765-1775 2021 4F
gl f', Wir - = Pores . ‘ N
N i ; 4 T ,‘, l'n'
ntefsection W NN (1 g U
1 ‘ \ dis [ / , Microcracks (:g(‘f\ ¥
L k M, I i “‘ /| .
A I ‘ e
”‘fﬂ k)’ \ \\'/'4 '.gggggosites | ’,/é
x W Microcracks

(a) Reconstruction image (b) Reconstruction image (cropped) (c) 3-D rendering of pores and microcracks (d) 3-D rendering of microcracks

B8 TR S IR 80% MR BAr IR A FL TR S 45 R

Fig. 8 Identification result of tensile microcracks under 80% failure loading state based on deep learning

Number of microcracks

4.0 5.0

1.0 2.0
Volumex10*/mm?

6.0

Ko RIUARIM i

Fig. 9 Volume distribution of microcracks at point B

12 2500~3 082 um [l 4, X B 2.5D-SiCySiC &
PR FL B AT 2 47 PR RE AR, FLBR IR
PEE 5 R AEFEAR T

N BE— 2 RAE B PR AL ) R TR,
B 11 B 1R 25 ) £ BE o A iR Sl i) 4 S A il B LA
xy M HGEZ R ACTE), #AA A A MR e
BB REE I AEIN FTE N (R  o X TR) A1 o (R
G 00~90°, R TR 7710k 00y “FATF
B AR5 104 900, P 12a. B 12b 4395 IR S T 4
TR BL) S EIUR o AT B R = 4Eva Yo, 390 A
P o) AR W 13 Bros. d1lE 12a ol 40,
69.28%MITHZALL o fH/N T 45°, Hirp 0o~ 1103 by
LA 30.85%, 18°~19°THZ4 4L Lol 8.39%; 45°/¢
FHELGT LR, 2000 8.66%. % IERIF kM
)52y, WO TR A R AR 2
T AR L A 2k, e 18°~19°4 [l
WIS 22 (] 13a); 45° /2 AT S0 73 i B
) RS e Tk (& 13b),  #4 Wi2E 9 T-4L
BEUBRAT (B 13¢)s FEARIIGA I HF R 2 R A KT 45°
IS0 (B 13d). TR0 3 (8] AA B A ATl 45

0.12 - - 60
— Proportion of microcracks
c\\: 010 - - - Porosity 50
i)
£
§ 0.08 - 140 ©
S >
£ 006+ 130 Z
© S
(=] | -9
-g 0.04 ¢ . 120
o \ AN
% ! N\ ~ 1 v /’ v
£ 0.02 ANEER /4/\\\: " 10
0.00 Y, W2 N U Ass A1 0
0 500 1000 1500 2000 2500 3 000
X coordinate/pum
(a) Thickness direction
0.06 - - 60
— Proportion of microcracks
2 0051 - - - Porosity {50
4
5 004} " 140
2 Iy X
.9 I \>,
g 0.03 0l 130 Z
Lg 1 v g
=
£ 0.02 ' 120 =
=
2
=¥
0.00
500 1 000 1 500 2 000 25003 000 3 500
Y coordinate/pum
(b) Weft direction
0.12 30
— Proportion of microcracks
BN - - - Porosity
) 0.10 | 125
£
2 0.08 | / ' ) 20 e
S ' ' ! BN
. — // ' ‘I b
£ 006 ; P - 15 E
o \ | | 8
=] ! I ' =%
2 004t ' X v‘ 10
1) ’ 1
& l ! \
£ 0.02 | ; \\ 5
0.00 ' i g
0 1000 2000 3000 4000 5000

Z coordinate/pum

(c) Warp direction

B 10 9 3 N ARARANA CR SUIAR ty EEATFLIR A0 A1 i £k
Fig. 10 Proportion of microcracks and porosity distribution
curves along three axes



5 49 555 8 Jl s A TR ST 2.5D B R S A AR R0 S VAL < 1771

2.5D-SiCy/SiC E A BHEBUT BRI 3 AT AL
(R AP RN N TP IY VT (R S AU NELN TR
Horp i REOE L2

(0,0,0)

P

B s m A E o ui K

Fig. 11 Definition of spatial orientation angle ¢

35 100
Il Relative frequency
30 —— Cumulative frequency
480 °
<25 S
z 2
8 160 3
520 )
o &
& (5]
RS {40 £
= =
2 10 £
420 ©
5

(=]
(=]
(=]

10 20 30 40 50 60 70 80 90
9/(°)

(a) Frequency distribution of the angle of microcrack

I A
£ W 31°-60°
M 61°-90°

(b) 3-D spatial angle rendering of microcrack

K12 B RIS R A o A
Fig. 12 Distribution of the spatial angle of microcracks at
point B

Fig. 13

(d) Longitudinal microcrack

K13 AR MRS R

Section view of microcracks at different angles



. 1772 - CREMR Eh 224D

J Chin Ceram Soc, 2021, 49(8): 1765-1775

2021 4F

33 ErOSR

TR BE A 2T i D s U S5 R i 14 P
Ny 3 PR (AT SRR . SRR FEATT R
WHIATIE CT VIR MGt e an B 15~ 17 o
] 14 A4, T 06 35 O U 41 4E W 3,
Wr 14 T~ 28 26 [ 2T Yl R A AL, 21 4 AR AN IR 1)
R AR, R M B ) M TR AR . 2T
YT 28 AL R LT AR B, AR = YR (v R
N REA— I EAEFL, Qi 14 e A LR
TEJR MG CT EIME BRI 5 LR A B — B
LK 152). &80, 4k AL R
G APRLET OV R G B AR R 0.26%, £F4EH T K
FEf KM 250.32 um, Fe/ A 16.02 pm, SFHEIKE
A 88.26 pm.

Fiber pull-out

4 %'A/ Interface debonding

M Fiber pull-out

. ¥ Matrix cracks
Matrix cracks .
Interface debonding

(b) 3-D rendering of damages

Bl 14 TR ST R i U 4 2R
Fig. 14 Damage identification results of fracture based on
Deep Learning

B 14 e RaEoR D3ARLL, 7RG
CT PG L3RI N5 FLBR K B {1 — S0 B ta g /h 3
(K 16a. & 16¢), FUIBEE R MR, FEAR
LU P IS fLRR AR . anf&l 18 s, W
CUEARRIGUAATATE 0~2.2x107* mm® SEF K, 97%

SRR T 1x10° mm’ e SEESEAPRA T
PN SRR TR GE U 25 S (BT 9 LE, BT 1 Ak
SR Z . RPN B 192, 19b 2351 4 W
AR LS £ B A A B R = i . Pl
19a WA, 79.56%MIFEARRLUM LN T 45°; 0°~1°
(RIS LB, Ty 38.49%; 45°~46° 544 L4
WK, N 7.64%. MKl 16¢c. 16d R4, £F4ER
PSHTIE T K& 45° e AT AL, RIHFLAARLGIT
ANAVE HLY T, 7850 KB EAAR L 15w 5t
105 FLBR A AR IE 22X 3. 454 6] 19b 5 ] 14a m 41,
31°~60° 1 BE Y6 Fl N IR 3R L0 2 73 AT T2 4 ) 21 4R
FHAS AT

(b) Result

K15 ZRefiedi i AL IR R —24E D) A %) B

Fig. 15 Comparison of 2D slices before and after fiber

pull-out identification

Bl 14 RO R ARSI Fr i Bk A AT
TEHER I MBI RE, fE)5iah CT BB B3R
LA AL T 27 Y 5 R AR S T Ak 1 FR (0 2848 (F 17a) TH
B 17b w5, 28, i eF 4 S SRS A A R
RS RGCS P R HDE R LS . 2580
Fr i BRGSO R  EA T B AR 0.43%.



249 550 8 1

(b) Result

17 G R RO e 4D A0 B
Fig. 17 Comparison of 2D slices before and after interface
debonding identification

T
.“{"\‘-p‘" .
.. LT

."

10 000

1000

100

10

1

0.1

Number of matrix cracks

0.01

- ‘

0.001 il Il i Il 1 1 il 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22

Volumex 105/mm?

Bl18 I SRR A1

Fig. 18 Volume distribution of fracture matrix cracking

» ‘-'_r

Ty
»

3"

FhT T V505 U 5 A SR T, AL
A RN B, R ST A S e,
BRI N S B (R T 5 K
. i = &, HELYERRIA. 2.5D-SiCySIC B &M Rl
16 ALIREA U AL Y1 S M LR AT AT STt . SR TT

Fig. 16 Comparison of 2D slices before and after matrix

cracks identification 5 ﬁﬁﬂﬁ*ﬁ o

(d) Result 2



< 1774 - CREFR 3h 244D J Chin Ceram Soc, 2021, 49(8): 1765-1775 2021 4F
40 100 250.32 pm 2 [8], “FIYJE N 88.26 pm; L5 e d
35 RS TTHERSUHLL, W D RAAR RS AR R /N
<30 1% < WEEZ, B 0~2.2x10" mm’, B[ Z4L0R1 45°
5o o 5 ORGSR BTG AR LAY
%20 g e
Z’ [ Relative frequency 140 E 4) FE VR 2 ) I G A 1) g v nl SR Bl
N ~ Cumulative frequency T R ARRILARLL AR . AEBREL 3 Fh
) E R U,
{20 © PR U N TR RE ), P =4 iith, 5

e R B

0
0 10 20 30 40 50 60 70 80 90
9/(%)

(a) Frequency distribution of the angle of fracture matrix cracks

W 0°-30°
M 31°-60°
M 61°-90°
(b) 3-D spatial angle rendering of the matrix cracks
K19 W B4R LA ) ) B2 43 Af
Fig. 19 Distribution of the spatial angle of fracture matrix
cracks

4 b

WX 2.5D-SiCySiC &AM EHIET X H14k CT
2y v S A7 A A AN S TR B 2 ) UG 43 B
PO 5 08, TR DU SR

1) X 94k CT Jaf7 il e SRI b B 5 A
BHEAL NS T AR SR . BB A A8 4 (1A%
HRFAE, A7 R0 453405 5 24 (1) G &R 5 2.5D-SICy/SiC
SRl ) B A R A ) 84T - 7% it Z IR W
IR,

2) 2.5D-SiCy/SiC 5 A MkHR 56 KA AR TT AL,
B IR SRR R 0~5.3%x107 mm’,
e B TR ) R RS By, AR e
A S LB A AEAEAR SR P AR DG, R ) I AR A
FLBRA B KA B

3) 2.5D-SiCy/SiC 5 &M BHAT K 453 47 B A A 4
CTYET R, ARYER . FH ORISR TR AR
TR W RN, YRk EKELE 16.02~

BT DME SR — eI SO000 0 SR BRYE A oA kL
BN VP O R B PR T AT B, JF
N AT 5 TR 24 G A A AR SR AL 1 m e
Hodhs -

SE 3k

[1] CHAWLA K K. Processing of Ceramic Matrix Composites[M]. New
York: Springer US, 2003: 107-138.

(2] SKAZEE, R, AROKAS. B Y a A0 R B R S A R R T 9 Ak
JE[T]. Al HR, 2003(1): 24-32.

ZHANG Litong, CHENG Laifei, XU Yongdong. Aeron Manuf Technol
(in Chinese), 2003(1): 24-32.

[3] #RAKZR, R, SKOLIA], %, % SEAT YRR WA AR R 5T A M
BHIFFT[I]. RERR 52544k, 2002, 30(2): 184-188.

XU Yongdong, CHENG Laifei, ZHANG Litong, et al. J] Chin Ceram
Soc, 2002, 30(2): 184-188.

[4] 4Bz, T2, XN, 25 BRAGTE LT di B I RR A Tk b e 35 S A bR
BEBUIR B FAEAT =S S AL BRI I[T]. M i 8RR, 2017(15):
76-84.

ZOU Hao, WANG Yu, LIU Gang, et al. Aeron Manuf Technol (in
Chinese), 2017(15): 76-84.

[5] %, BrEEB, B, 55, 2.5D-C/SiC S &M Bt R M g
FEN. THUR R3], 2008(3): 509-514.

CHANG Yanjun, JIAO Guigiong, TAO Yonggqiang, et al. J Inorg Mater
(in Chinese), 2008(3): 509-514.

[6]1 LG, #hVERI, mEG, 5. 2.5 48 C/SiC ARG Rk
AEl)). EAMERER, 2012, 292): 192-198.

KONG Chunyuan, SUN Zhigang, GAO Xiguang, et al. Acta Mater
Compos Sin (in Chinese), 2012, 29(2): 192-198.

[7]1 T35, RABIK. 2.5D C/C gl S MU AR BT[] &R
R RZE2E R (A ARIAAR), 2020, 50(4): 645-650.

HE Dingding, WU Shaoqing. J Southeast Univ: Nat Sci Ed (in
Chinese), 2020, 50(4): 645-650.

[8] YU XM, ZHOU W C, ZHENG W J, et al. Mechanical property of 2.5
dimensional silicon carbide fiber reinforced silicon carbide composites
[J1(Eng). J Chin Ceram Soc, 2008(11): 1559-1563.

[91 BRWAM, BRFAE, TR, 5. FLEE SiC/SIC &AMk = I &

WRAAT R S RERIE]. RAS I OR A= 244, 2019, 53(1): 11-18.

CHEN Mingming, CHEN Xiuhua, ZHANG Daxu, et al. J Shanghai

Jiaotong Univ (in Chinese), 2019, 53(1): 11-18.

T, IRk, A, 55 X LR TR 24T

MR HI[T]. SIS 5 FREE, 2017, 44(6): 43-56.

WANG Long, FENG Guolin, LI Zhigiang, et al. Struct Eng Env (in

Chinese), 2017, 44(6): 43-56.

[11] SCOTT A E, MAVROGORDATO M, WRIGHT P, et al. In situ fibre

[10



249 55 8 1Y

5 %

B TR 2) 10 2.5D Mg B S AR R0 5 PP A .

1775

[12]

[13]

[14]

(15

[16]

[17]

(18]

fracture measurement in carbon—epoxy laminates using high resolution
computed tomography[J]. Technol, 2011, 71(12):
1471-1477.

LI Z X, GUO L C, ZHANG L, et al. In situ experimental investigation
on the out-plane damage evolution of 3D woven carbon-fiber
reinforced composites[J]. Compos Sci Technol, 2018, 162: 101-109.
BALE H A, HABOUB A, MACDOWELL A A, et al. Real-time
quantitative imaging of failure events in materials under load at
temperatures above 1 600 “C[J]. Nat Mater, 2013, 12(1): 40-46.
HABOUB A, BALE H A, NASIATKA J R, et al. Tensile testing of

materials at high temperatures above 1 700 ‘C with in situ

Compos Sci

synchrotron X-ray micro-tomography[J]. Rev Sci Instrum, 2014, 85(8):
529-622.

X, SRR, #86, . LT X LR CT Jshr il (#-Far
SIC/SIC 545 P RHRL M 45 45 151 AL [7]. B 283l K 22 2231, 2020,
54(10): 1074-1083.

LIU Hailong, ZHANG Daxu, QI Heyin, et al. J Shanghai Jiaotong
Univ (in Chinese), 2020, 54(10): 1074-1083.

ZENG Q L, SUN L J, GE J R, et al. Damage characterization and
numerical simulation of shear experiment of plain woven glass-fiber
reinforced composites based on 3D geometric reconstruction[J].
Compos Struct, 2020, 233: 111746.

WANG L, YUAN K, LUAN X G, et al. 3D characterizations of pores
and damages in C/SiC composites by using X-ray computed
tomography[J]. Appl Compos Mater, 2019, 26(2): 493-505.

WANG L, ZHANG W, LI H, et al. 3D in-situ characterizations of
damage evolution in C/SiC composite under monotonic tensile loading

by using X-ray computed tomography[J]. Appl Compos Mater, 2020,

[19]

[20]

[21]

[22]

[23]

[24]

(23]

[26]

27(1): 1-12.

KHAN A, SHIN J K, LIM W C, et al. A deep learning framework for
vibration-based assessment of delamination in smart composite
laminates[J]. Sensors, 2020, 20(8): 2335.

SINCHUK Y, KIBLEUR P, AELTERMAN 1J, et al. Variational and
deep learning segmentation of very-low-contrast X-ray computed
tomography images of carbon/epoxy woven composites[J]. Materials,
2020, 13(4): 936.

EVSEVLEEV S, PACIORNIK S, BRUNO G. Advanced deep
learning-based 3D microstructural characterization of multiphase metal
matrix composites[J]. Adv Eng Mater, 2020, 22(4): 1901197.
LORENZONI R, CUROSU I, PACIORNIK S, et al. Semantic
segmentation of the micro-structure of strain-hardening
cement-based composites (SHCC) by applying deep learning on
micro-computed tomography scans[J]. Cem Concr Compos, 2020,
108: 103551.

BADRAN A, MARSHALL D, LEGAULT Z, et al. Automated
segmentation of computed tomography images of fiber-reinforced
composites by deep learning[J]. J Mater Sci, 2020, 55(34): 1-17.

PAL N R, PAL S K. A review on image segmentation techniques[J].
Pattern Recogn, 1993, 26(9): 1277-1294.

BT, HEE, WES, & BB RINELR] #RRE A
THfE, 1999, 12(3): 3-5.

LUO Xiping, TIAN Jie, ZHUGE Ying, et al. Patt Recog Artif Intell (in
Chinese), 1999, 12(3): 3-5.

KAMNITSAS K, LEDIG C, NEWCOMBE V F J, et al. Efficient
multi-scale 3D CNN with fully connected CRF for accurate brain
lesion segmentation[J]. Med Image Anal, 2016, 36: 61-78.



