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Acoustic Emission Monitoring and Micro-CT Characterization of Tensile Damage for Three Dimensional
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Abstract : In order to accurately evaluate the mechanical behavior and damage characteristics of carbon fiber three dimensional
braided composites, acoustic emission (AE) technology was used to monitor the tensile damage process of composites in real time,
and the dynamic response behavior of acoustic emission signals generated by damage evolution of such material was studied based
on statistical analysis of probabilistic entropy. In addition, the internal damage condition of the composites was visualized through
micro-computed tomography scanning. The results show that the AE signals can reflect the destruction process of composites, and
the irreversible internal damage and failure mechanism of the composites are well described through the evolution of probability
entropy of AE signals. The microstructures and damage characteristics of different sections inside the three dimensional braided com-
posites can be obtained effectively by the combination of AE and micro-CT technologies, which provides technical supports for the
nondestructive detection and life evaluation of this kind of composites.

Keywords : three dimensional braided composites ; tensile damage ; acoustic emission ; probability entropy ; micro-computed
tomography

R AT 4 = 4 i SVE A MRl Al 3 R NEREER A R S RS2 B I BB R AL
JE 7 [ Y SR BUD LRI 2 (AR S 4 , HpT a2 AT iR B Z SRR I, P58 AN [l 28 T 1Y
Py vIfe AR 21 BARE R TR 95 BOIRALEA B THES = 4Em AU SRR TR
MRS 2O N, =R ASMRE R N

EEWA : WAL 5 2R ARG 215 H (521000981417)
BEMEE: X L FRNEE SR 22 SO TR N ARDIFE E-mail : livjla@hbu.edu.cn
Wr#s B HA: 2021-03-02
SIAESC: ), BT I 45 . SRR BUT A PPRHRL IR 0 AN I 5 0 CT AL [0 TARRHURHI, 2021,49(5) - 108-113.
Xing Guanghuai, Shang Yajing, Xing Hao, et al. Acoustic emission monitoring and micro-CT characterization of tensile damage for three

dimensional braided composites[J]. Engineering Plastics Application,2021,49(5) : 108-113.


杨超


TR, S - =R bR 07 R S U S CT SR AR 109

WFIE N A B4 [ 48 = 4 g 812 A M R g 2
PERER R Z HIME T . A. E. Bogdanovich 45
FERHR IR T = VS B MR 124 PERE,
R BT T 25 4 () SO RS I 2548 (8 52 5 44 )
{18 I 32 R i 3 A 30 B S 4R T i A B R B 4 4
J7 KNGS 0T =4t 2 10 g2V A RRR i hr
i 5 AR BRI = A B W . SR, =R
AR 72 X AR REME DL 42 S i s 45 4
SR

75 RS (AB) A DU 2 X6 4 44 A 3508 1 A2 e RT3 B
FEAE I AE {55 3T sh A M E B HE A S,
V. Lomov % P $5 N #E P SRR 56 AR (5519
FHIET LI 7~ =4 gn 28U 65 PR B A 1 AL R .
SRS CSE I AR RN SEIR ST R I, SR
B AR TR R AL 1 R SHE S e A TR T
It FLEREA 2R AE 55 REEBEHUR

SR, U AR S S EGHATHER 1 0T 41588
Tk st s 2 A A BH R i = S R AL, 75
BRAGET B TR ASZ I AE {55 7 28 5 )
TRTEMLAL. A, Khonsari 55 7 J& 125 il 9% 57 10 56 F
FEINEM G / BB A5 MRS B4 1 AE A
R AT AEAS S0 R 2R, 2 B
FA Rk B K BB 22 B — By (e, Al
A4 X e T = A DY i R g SV A bR
P15 AE {55 AU , £ HI AR 280 e 08 Sz i A )
G 7 AR 25 7

WAL CT FERBEXT AR N TR A5 14 1 A2 TE 45
it A T = 4Eif% FTHAERAE . Zhou Wei %5 "™ 4
G AE 5 B CT HRBIE T =4t 5
BHEHTHERARVE T BB IR B2, e SRR 1) B AR
B UEBEAEHE 7R PR 405 1 A8 M . Zhang Yannan
5 UUBIEGE T Rk ET HE35 580 52 A MORHE IR — 46 58
B R AR PR 2 55, 41 AE R 4 LA A CT 20
A BT A ERE R kR R R, I,
AE FL i CT R R G SR 4 4t — 4 gn 21
AR MR A 2T B

EFH R AE HOR ST IR e rh ik 214
GV A MR BRI AR 38 AR 43
Mo Ak R 53 AL i AE Sh 25 me o Bn e, £ B
T CT 02 G A BE N 21 T AT AL RAE
1 SREERS
1.1 JRAt#

BREFYE : T700-12K B, H AR Wbkt 24t

WE MG : TDE-86 A, KT AR L2 A MK
AR
1.2 MEFxE

F12ER AL . LD26 AU PRI 22 18 = ARG
ABRAFE]

4% AE Y DS2-8A AU, Jb 5 5 S R R
AR

AE f£J7% : RS-54A Bl Jb 504 5 AR A
PR F

X SR CT 941X : Skyscan 1172 £, [LF]
i} Sky Scan A,
1.3 XAEH &

i LU £ AR A - I g 23 A0 29 30° 1Y T 44
SR FH 900 85 B I P AR 2 o T A i O T [ 4k, 753
JERE R (2.3 +0.1) mm  EFAER R ECR 55% 1Y =
YU g VR A AR

Z: M ASTM D638-2014 FrifiE, 454 B4 CT %f
FE& RS I BRI W A 4k i 202 & M RN 9 2207 1)
SEFTHUAIN T, #4% ] 5F 2 60 mm x 20 mm /)
BRI, o T T ey Skt St 451 407 , 760
Uil 20 mm x 20 mm FYERINSE Ao LAY
Mﬂéﬁ@&{iﬂ“ﬂu@ 1 Fise

60 \

S
20

| 231

P e A b e ) B R
1.4 Mgemx

38 SR HLLL 2 mm/ min B9 R £
e = 25 DU ) G 20 A ARk R A A e
WM m A b E) AE 55 i R g an A 2
Fis o 5T R AE 4857 35 100 ~ 900 kHz
4 B AT S P, AT B O A B3 25 40 dB. ¥
AE &R [ 2 7E R F L, o0 T BR M T4, %
TS B0 BEFE A5 55 RAESR Oy 3 MHz, Jf H R 4E
10 mV (40 dB) LA FI{ES .

L g)e , 8 X SR B CT HE{UGRE
IR NS R OPRAS 3 HERE R 9 wm,
R B EWNE 3 fis . 4585 MR IR [ 1
B G L LL0.2° YA KO B AT eSS, X ST Z 2
ARG TR LS4, R EE AT th CCD AHALI 25


杨超


110 TR R

2021 4F 55 49 4,55 5 #i

IR FMATHUS 2 T3 R E A 2R
— AR

FEAHAL

i
#
Vil ’izﬁﬁ»
If]

ARG

K2 =g SRR R At

Ll

To.r

i

B3 S CT MRS
2 #RE5ITR
2.1 AFATHR AE HFHEHH
[&] 4 SFyhr i far LA K AE AH X BE R iy IH )
MEHEIFE 0 ~ 10 s B, P gim 28k BN H A AR
fERE e O A UE = rip? St T8t N Rl IR ey
RBE S TG 7 A R 45 0 BEE 2k )
BAHEDE , B AT B R PERIN, AEMR SRR thEr
SEIE K B AN WIS B R HERE 2 115 s
AiAT, TN R] AE {55 i Be e 1 BB R ER T, #1
BENER A W B . AE (55 1A e Bl 5 2%
far R 38 TN RFSE RGN, Bt R B B R K
e YRR FTIAT] 12 kN B R0 & R
MG AN A R A T RIZL I PR .
[ 23K 180 s B, kil BN R fr 12.89 kN, il
Wi, TS AL () AE {5 5 B2 A 12000 mV - ms 1%
HRgHRE. M, 2 2080 F B B R o8 R

16000
14000
12000 —
10000 &
8000 °
6000
4000
2000 o
400 33
200

/(mV

0
0 20 40 60 80 100120140160180200
] /s

Pl 4 i SRR A B T
B 5 7 IR AE {55 iR - S 1 R0
i) AR A D . 36 TR U401 B B, 48 K 250 AE

FO IR, BT AN T, W )
WIS . PGB B: AE 155 A o 20
BUBARIT HIG K @3 g2 18 i B 8 1/
V0 PR SR 24 i) A% e B P 9 T2 BB i 51 K 1
Sl U RS sl e A B R B
AE {5 S50 AW hn, 5 AE 55 89 IRE LS &
E AL QIRT S 5 N () A = S R R (R i Sy
1E 40 ~80 dB Z[H], 115 s i E. 4 80 ~ 100 dB /&
WRAELRY AE {55 8500 o 25 15 hn , i o AR v
Jnof HHIGR sR  2mh, ixX—s b A8k 5 4
o AE {55 AR R R 1 A8 B S AV G IR B
PR LASEARTF R4 K 252/ SR 5 1 SRS Ry 3 B 405
B, FB A LT i = A gt 4 ), AR A AR
By Bt ,40 ~ 80 dB 1 80 ~ 100 dB i 4™ i {f 35 Fl
() AE {55 B AP S 20 R 2 1k 3, AE M
SRy BRI & S LA AR 4T LE
L n#kE 1625, AE [ iR o Rl fE i R
FRE R A HE R AT R B R KT HAR I A 7 A 3K
Aete. UMPHEHERL Z 180 s ZoAT, P a if 15 3 g
1B+ AE SR AR A B RN i R (I,
It HAEREA ECR R 2 1 S IRIE AE {55 o X —f ],
IR BRI T 28 L7 e Wi 28 DL S 2 4 / SEARIBAY

St e
RELITESI
100 - 114000
90 ) o f 112000
10000
o 80F - )
g 8000 =
< 700 B
= 6000 &k
E 60 4000 £
50t L 2000
40 E 0

0 20 40 60 80 100120140160180200
i /s
&5 g e S 1 AR (] A 22 1k
2.2 AEfETHAERE 5T
R T AL = A AU G R R
TP A O AR RRAE SR FHGE T 2 A 7 1 6 AN [ 2%
VT S O NN O =R 7 203 i < N o2 s 1
#| AE {5 S IR EE 73 A 7E 40 ~ 100 dB JEHIN,
BRI 53R 60 A IX ] LA S i S oA
FEEE. LA 1 KN Ry [al e MESai 115 25 SR kA T4,
SRR 13 AR T R AU . AR 2
Ao 7RV I X6 I A M S5 A 1) A2 i S5 an 1] 6 BT o
FRYEAE R — 28tny th 22 ] DRBH A (R 354530 53 1 =
ALY B -
(1) F BB EL (A 2= B) « Hhifhakmib T+ 1


杨超


T, A5 =AU R R T 5 R S CT RAE 111

_0.6,
—0.9*
_12f
_1.5,
Z 3
e
By
—2.7*
3.0
233

012345678091011121314
Hfif / kN
Fl6 REEHKTEF AE {55 M3mi sk

KN (A ) B R0 () BIEER /N, S=-2.996, L
B IR A BB e e fe i o Bl LA R far G i 22 2
KN 08 (1 30T AL P 184 T, B o 2400 300 ) 9 4 e
AN, EBARIEER AE 3082 8, R4 AT
IR AR 1) PN RN 2 T H BT S8 45 SR
it o

) #1455 2R B (B £ E) : 4z M 2 kN 1
JnE] 4 kNB Z C), R a3 i, A AR fth £t
B 55 H AR AR N I MR SR ) 1 T R A
2% . BC MMz B A 28 far 15 -5 B0 900 22 ) 4k
IRTFZL, I 2T 25 5L 0 RS 1 A i 4649 X
FERAE B, SR T D IR A A S PEAH 4R T4
50 o BERR T B o Bl 28y K- R 3 238
(C % D), MR K 2] — S FH AR i BUE, R [R] R
JER 5 E AR AR B, (845 5 IR JC BH (i A el
Ax B CD gk B, A P LR R R R
[v] B AT B A A X, Ak ) ST AR G L S5 R KR A 2
o B 1 PR AR AR . A 6 kKN B 9
kN (D & B), M8 I0 (E - — K Fifd 2 r 22 3T AL Ze P 3
T, H R B K HORGE N T AB B BE, I FRRY AR
ESHOR AW £, HAE E SMHEF 4 7/ s BA
AR S AR AT RE R AR 55, W&l 4 AN 5 s
(IR 56 2R Do R ERAR AR A VR T BEALA: 5L
AL T AR BT R 1 75 R S5 5 I e
X [H]

(3) KA B (E 2 H) : 2 far A\ 9 kN 3 in 2
10 kN (E % F) B, 3005 (i B AR A AR A T
— By Bt B Sk B S A 358 o, B ML A S R
i 18 22 S B IRZS B AS B 2 PR N, A By B 14
P EB A LR B A O i A Ak . B 2T K
V- W T R AU (F & G), MR b b T 2
A fn At A8 0 B KB T B R AR X R , BEAILAE B
THOURA 0 = ) B8 B AR 52 5 MBS A 25 ] 43
AT A BT AR AR RS 1 & TR TR

FE o Mk BIE(E T (G 2 H) , PR IS A ),
PR e e R N 3 Fe 2 SR AR R

DL B A R W] M SR 5] A 2] AE 5 5 148
T14 8T T LAAE S5 B = 4R 22 5 bR BB L
A B O 355 2 A K 3 RS s AL
2.3 BMCT RAELR oM

K X Sk A CT F3I 8 Joks R o i
EZ T ) EITS 2R A 15 mm x 10 mm FFH.
TA BRI CT FHGEE, 285 2 2 H 4
153 Z4E 1 IS 2 18 AR o B RT3 g
% T T 52 B PR L ST ZE A ) — A, A
7N T ZHE g 2R A AR CT 5 RE 9 37 (A
AU A3 = AR (%) 1 1 AW 1 AN U T 2R T
A3 BRECS R R R 25%, 50% 1 75% B ER
TG, DAE T 550043 A P A 28 far Jr 4 > 9 =4k g
[a] i U A AR B 25 A 483475
75%

50%
25%

Il 75%

1L
50%

25%

Y (JFEH) 25% 50% 75%
& 7 =Y AR AS R e D) E R
CT AR 1 1717 30 (%) 5 RS an &l 8 i
No

) R
BRI E : a—0% ; b—25% 5 ¢—50% ; d—75%
B8 RV IE e T U G 15
TR 2R 1T 0 A A ol 1A DR W 11, ELAE W 11 b e


杨超


112 TR R

2021 4F 55 49 4,55 5 #i

SR BN M A ) = PP B TR 2 SR L 2L A
R4 / FEIRBOR, W& 8a 7R, I TEAHHAS
— BT FRT AR Al il 2% i /5 2 T E0 1
PN RS 2 R — i WL B0 , AnZF e 4
RS TERAR R b, Ry aa 4 s ik — 20
KA, W T B RAS, TE R R 1
ML S T e Sk ik . S5IERIE 50% Ab (
Pl 8c) AT AH EE, 7T LA S 005 31 HE R 2 1T 25
% (&l 8b) I 75% ( %] 8d) &b iy Ei _b- 43 A A K
2 B ESAIR

CT A 1R 1 0 T 47 170 0 1 48 e el 45 €]
9 Fir7 o AR R 53 A1 A i Y B AT SN ET 4
WAL SR A MR S SRR, IR 9a FR . T8
1 5 8a kit FFFE ol LA, URE 0 T HLA L IE
T A E B RS . TR R E RS IANTR] 5: 3
AT R TR ) Bl 2T A i A A 2 S, DN TR 32 ) 2
IR RE ) B IE IS o 5 1 1 T ) 250 ) i o Ee 2
AL, B 0 3R THT 25% I 75% Ab 1) 81T 4
Pk T B N 17T 50% AR v (4 4840 B Skl 2
S 3T LE T R TE 7 o) AT VAR A A TS 3 T LA
HEWT, P AR 1R 5 S0 Ser e b 3R B A=
IFAEA, B 5 A E05 W e 28 3% I B O Al et 4t 2b
2L, DR R M AR RO R RE ke RIZL R
Jit o FLBRFE B T 25 g A2 RE TR AIG, FEEL
I 2t 1 FHAE R PR IR e 4 i BRET 4R 2
RN B IR AR AR | S B 3 — e FR BT
IR R R HE TR R

(77 |
=

(a) (b) () (d)
BEBREE : a—0% ; b—25% 5 c—50% ; d—75%
Pl O SRR O AT HEA 5000 A LT [ 2
CT 4l RE U U T 47 B0 31 1 A o PRI an &1
10 Fi7n o WA KB AR Z RS0 A TE 5 B Tt i s
[ AFE B A [, SRR T2 LR e Sk i AT
At/ FEURBORS S B A Rl B S . 5
T T AN 1 1] AN ] A8, B 3R R I 25% A
50% A4 T B WL S 44603 LU 75% AR AT )54

HOARIZL 228 o A MR 2T 1 BT ]
BLREWT T 2B R T =4S S
FORHAA Iy B RN RS2 1 Hr R8T YT P 2
iy YA, 28 D 1 P sl e A Az 5 o i
F s

(©)

B R ALE : a—25% 5 b—50% 5 c—75%
P10 RO I 1] D1 e 1) 4

G4 ik WA CT RAEZE K400, v] LL& BE
T CTAE B X4 TG I B AR RE WS 15 ULAS BB 4T
Ak UL AT BN [ 5 1) T AT A A OVLE R
MEDL R S5 A5 O (58, , 7T LASEE 2 % S 82 65 b1 R HI
D e LA
3 &k

K I AE JCA5 G I 4 A S i e 0 ke 21 2 = 4
I TEAV=REY Y p SIVE T E AL BRIt ¥ =Ry )
BHREAL T A1 AE 55 SRR 31T 140
Bro eAh, R AT G CT B R AU 1Y 525 41k
bEi R K N R v W 3 i o T W G R )
WAL . S5 BTT

(1) P ik A& rp =4k Y ) 9 2252 5 ADRHE 22 Fil
P52 ) T R W 240 %8, T DN B i) AE
5 ARG RE AL R (AN o SRR A SR
Ut e 1S AR A O AL

(2) H& T AE {55 803005 19 20 By ik s i Rl
I8 7R A RO BEA LA ROV 1 0 28 L
AR AR A3 RS T AL B 0 BEAIL R, 0 ) 25 1k s e it
LN IY-353 SR8

(3) A CT HRBEAE KU 5 b LA FRAS ]
I A RORZEHE B AR R . = 4B m B A
FARHERL AR AN 35 DT RD EAr  S InVE R e 298 1%
T RRMEACRAOWT I AR R 2 ) R
B W 1AL [R] A e ST 8L LT R AT
2 / BERBORG S5 BRI

5 & X ok

[1] Sun Jin, Wang Yu, Zhou Guangmin, et al. Finite element analysis


杨超


PR, 4 - =RV SRR R S B CT AT

113

[3]

(4]

(6]

(7]

of mechanical properties of 3D surface-core braided composites[J].
Polymer Composites,2018,39(4):1 0761 088.

Bogdanovich A E, Karahan M, Lomov S V, et al. Quasi-static
tensile behavior and damage of carbon / epoxy composite reinforced
with 3D non-crimp orthogonal woven fabric[J]. Mechanics of
Materials,2013,62:14-31.

s FRB G, AN, 4F . SIS Z G G AR E e T
I [J]. AL A=, 2015,35(3):89-96.

Zhang Di, Zheng Xitao, Sun Ying, et al. Comparative investigation
of mechanical properties between 3D braided and laminated
composites[J]. Journal of Aeronautical Materials,2015,35(3):89—
96.

S, B B OE, G L FE TR R AT ORI S AR AU A R
R i BT SHT [9]. AR TR, 2014(7):92-97.

Yan Shi, Zhao Jinyang, Lu Xiamei, et al. Low-velocity impact
response of 3d braided composites by acoustic emission[J]. Journal
of Materials Engineering,2014(7):92-97.

Lomov S V, Karahan M, Bogdanovich A E, et al. Monitoring of
acoustic emission damage during tensile loading of 3D woven
carbon / epoxy composites[J]. Textile Research Journal,2014,
84(13):1373—1384.

Su Hua, Zhang Tianyuan, Zhang Ning. Acoustic_emission based
defects monitoring of three-dimensional braided composites using
wavelet network[J]. International Journal of Smart Sensing and
Intelligent Systems,2016,9(2):780-798.

Kahirdeh Ali, Khonsari M M. Acoustic entropy of the materials in
the course of degradation[J]. Entropy,2016.doi.org / 10.3390 /

[8]

[9]

[10]

[11]

[12]

[13]

¢18080280.

Zhou Wei, Shang Yajing, Zhang Pengfei, et al. Statistical analysis

of acoustic emission signals and tensile deformation measurement

for three dimensional carbon fiber braided composites[J]. SN

Applied Sciences,2020.doi:10.1007 / s42452-020-3069-5.

Reddy K N, Gangadharan R, Ramji M. Experimental and numerical

studies on the buckling and post-buckling behavior of single blade-

stiffened CFRP panels[J]. Composite Structures,2018,196:135—

154.
Zhou Wei, Qin Reng, Han Kangning, et al. Progressive damage
visualization and tensile failure analysis of three-dimensional
braided composites by acoustic emission and micro-CT[J].
Polymer Testing,2021.doi:10.1016 /j.polymertesting.2020.106881 .
Zhang Yannan, Zhou Wei, Zhang Pengfei. Quasi-static indentation
damage and residual compressive failure analysis of carbon
fiber composites using acoustic emission and micro-computed
tomography[J]. Journal of Composite Materials,2020,54(2):229—
242.
Zhou Wei, Lyu Zhihui, Wang Yarui, et al. Acoustic response and
micro-damage mechanism of fiber composite materials under
mode-II delamination[J]. Chinese Physics Letters,2015,32(4):77—
80:
Li Suhong, Liu Lifang, Yan Jianhua, et al. An approach for
testing and predicting longitudinal tensile modulus of 3D braided
composites[J]. Journal of Reinforced Plastics and Composites,

2014,33(8):775-784.

XIALIT ) 2021 £ TRERNM AN UESITITE) RE

HR%&{C 2 24-42,24-138 SE&HABFIAITE

W) I B 2 R (B ) TT 1 2021 4F CTAR BN ) (a7 fritat ) 2638, 1T R 28 s T A et e ad 1917

PR EEE T E A e A A I T . T AR Y H ), K 16 A, A H 10 B AR, 2021 4EEH#r 20 I / 1, 24 240 It

U5 FrHE Y A )L 16 FRAS, 455 20 H HIR, 2021 4EE M 20 76 / #, 44 240 TG

HL3iG : (0531)85878223 85878057

fLH.: (0531)85947355


杨超




