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Micro-fracture behaviors of 3D needle punching fabric reinforced nanoporous phenolic

composites based on in-situ X-ray
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Abstract: Alternately stacking needling technology is a straight forward way to prepare three-dimensional (3D)
fabrics, but randomly needling process will bring great challenges to the damage evolution, mechanical analysis
and property prediction. In this paper, the damage evolution of nanoporous phenolic composites reinforced by
alternately stacking fiber felt and woven fabric was revealed by in-situ X-ray Micro-CT device. And the angle deflec-
tions of fiber were described quantitatively under the loading of axial tensile by automatic tracing of microtubule
centerlines. Finally, based on the 3D reconstructed structure, a high-precision finite element analysis model was
established, and the axial tension mechanical behavior analysis was carried out. The results show that the damage
in composite starts from the outmost layer where the microcracks in the fiber felt mainly originate from the resin-
rich zone in the needling area, while the microcracks in the woven fabric are among filaments in fiber bundle.

Besides, the woven fabric can improve the toughness of composite by preventing the microcrack expanding into the
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inner. The fibers in composite will consistently deflect to the outside, showing the property of negative Poisson's

ratio, avoiding the "neck contraction”" phenomenon at the fracture. The finite element analysis agrees with the

results of experiments. The methods and results in this paper can provide a precious reference for microscopic

fracture analysis, property prediction and structural optimization of complex 3D composite.

Keywords: in-situ Micro-CT; damage evolution; needling fabric; finite element analysis; nanoporous resin
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Fig.1 (a) Shape of in-situ tensile specimen; (b) Diagram of in-situ X-ray CT setup and test; Virgin 3D microstructure of composite (c), displacement vs.

load curve of composite in-plane tensile pre-test (d) and corresponding 3D microstructure ((e)-(h)) of needle punching fabric reinforced nanoporous

phenolic composites under various strains
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Table 1 Physical property parameters of reinforcement and matrix in finite element analysis

Material Model Density/(g-cm™) Young's modulus/GPa Poisson's ratio
Quartz fiber Elastic 2.28 72 0.22
Phenolic matrix Elastic 0.67 1 0.30




>

B R FET XSRS AR B0 = 2k B0 A 58 5 N K AL I S B R A SOV A 3 3 £l - 4463 -

Hh A A A

BT WS, BRI RVE $0T
SRR SE /A 1.5 mmx1.3 mmx0.7 mm, BEEAL
AT 0] 3 TR AE 2T 4 A R i 2T i b ) iR 25
A% RT3k R 25 S S5O RS AL Y 27 4 25 4 Ok L
N B A% LS Ml S W 4T A i R S 5 T A R
S /NI 2 il AR B R BE Y, T LAY BT
TR BE AR BR o PRI ab AR S SR FH RS 7S 1T K 14 2% 0
& Xt RVE FRICHEAT ROA% Xl 43, [R) A 2 s 38 At o ot
R LETE 2 5 A, i — 2%t
RVE BERUAE x. y Fil z J7 1) b 430 34150 47 55 150 4
150 > F1200 4>, 3t 450 JTAS MRS, FEAS RIS H
A5z BR K524 10 pmx 8.67 pmx3.5 pm.

>k H Dirichlet 1 % 2% {4 X 5 BU AT y J7 1] 19
AR EL (3% NiAR), 43 %t & A 4 kL 1 s 4 Fl
SRS R A o AR R R R AR HEAT AT, i 2B
&7~ TPC-90 1) Wi 24V AL AL ; A5 IR LT 4 2 A 1Y
FEIEAE s 2 4 5 3R 22 180 i 4 R A R 56 95 B T
(BP tie #42).

2 #RE5iTie
2.1 EF Micro-CT BJ = 4 £t Il Tl i 1 52 g oK 7L
s 8 & M RHR G E L 2

KRN 1(a) B s 98 R ERE AR 1(b) R
By B AN 3 X 5 £k Micro-CT % % %t IPC-90 & &
BR324 A HE AT 20 B o AR A TS 0 v 4%
far-piFe 4k (11 1(d)), W ilHEAE R 2k i T 19 )
AT RN S A B a(JRIERY B . b (BB
B, c(UsiRbrEe). dWigds). e(Brdd)m), Jife
B R A S AR X RE R T X BT, WEE N
TR AT A 1) = 4 45 p i At A

52 A MEREEE S Ad i X R i = 425 R an E] 1(c)
Firas, JLE5 e H e 2 R - AL S 2 RN Y
MIRZMHEHES R, il TEEMRZE T SIE
BB S BRI FL, AL S B, A AE x-y
VDA R gl AR 2 T, AR R B
RTINS R E B S SN . AR SRR B
(K 1(e)), Tie-frzk i R4, F4e45H1
5 JE AR S5 A AH Fe B A B0 I S AR, 1 A
W NG MR R GIEB G el i As A, BEE
LA A 3G K, 0 RS - 2807 I 2k i R 2 sl
R T A MR BB (K 1(e) . 181 1(6). 7EXA
AT, SA MR I T RS R
ML 4E M ia RN A B S — i i

LT Y8 i A 1, B 3R FL A B9 Bl g A7 st — 2B i
Ko WAEANZEFYEAnvh, 25 4 o0 H B L A pa) 41
YIRS, MRNEREARRG BRI %
S UL AR R IR B i i, AR MR MRG E &
PR BN T L AR 2, 2R 4 A AT LLGE i B
B, Mok FAMNZ MG RE R, BHATEE IR M)
MRk SEY R, 1ER A RIS AL (K 1(g)),
W Jify J2 v ) S VT 2 3 o A s e (B y ) &
A, T RE B RTHES 2R 4E AR 2 ) £ 4
WINTFFLG IR ER G AR Z 5 (K 1(h)),
W 11 42h 1) 2T 4 I i )2 v A SR 3% B8 o — B A
CFYE, LT YA 2 P TSR — 2 L X
HH Jd 2T 4 11 Bt 5 Rk 1) 2R U 2 B A R
H B RS KAWL, 0L 4EAh 2 00 W) 2 K 27
Ye R 1 B B R A R SRR e

h Tt s A R RHE LR 1T Y
Bisd B, 4 BN x-y F1 y-z F R B R 47 B . N [
By BLi 2D BUGH#EAT 400, anlEl 2 BirR o R aa #4 R
o, W R M E HE TPC-90 M Z 2450, AN
FETE WA b A A PN R e B (81 2(6)), 16 A A4 RE A
HHA RGN T2, i fREmmy v Al
Bl B 25 A6 W iR 2 R0 2T 4 A J2 TP 4y S A (8 R
(K 2(a)) MZEERZ B (K 2(k), SRKESHFS
FEET I DX 35k B )R 38 IR B4 . AE SR B BE Y
(¥ 2(b). ¥l 2(g). Kl 2(1), M HEFILF4E B3 |
HEAR 5 JE A AR S AR — B0, WA B AT DLk
W5, AN K A WA A B A S

FEJE ARBYBL, A MRk B SR TT i A
ALPERR G, A4t & AR A K B AR 1R (18] 2(h).
2 4 IR 2 Hp o B Bk 0 Ak B TR XN T A
ML, HIEESHa R AP R (E 2(c);
T 2T 4 A7 2 ) B R 25 o SRS IR “JBiRG ™,
TE 1A K T ARG )2 1) 4 g X 3, (18] 2(m)™, BEE
WA i 67 B8 1 4k SR 38 R, R R R T T 2 B B
(B 2(1)): o0 Jify J2 3 A v %) o 4 20 8 0V 2 i ol
TUeE (B 2(d)), fELF4EmAb2eal, BWE L4
HRLBHRG T8 T —ZEMRMY R, T H
B F1 280 M LF et )2 b, H8en) K4 4
IO b s B G W 2L (18] 2(n)). MERMT LS
AT DL B R sp B A 2 S B (B 2(35)): MU
EH A R AR SRR UL YR
B IE AT IR (18] 2(e)), T £F 4 A 2 W) LT Bt
BIHLAAR AR A O 1h) b 2T 4 TR KT PRl T 2L T A ER
(I 2(0)), 454 M RHE DL B2 -2 A7 i 26 Hb 28 R Y



- 4464 -

EaMB=ER

i
N

a (Virgin composite) b (Elastic stage)
V- A N\
SN OB

A

=
&

-

|5}
)
=
[e3

Cross section

Q
.2
8
=

(=]

o

>
2

©] =

¢ (Yielding stage) d (Fracturing point) e (Fractured stage)

P2 =R B AR R KL BRELE A R R B B T 9 — 4D R 454 «

\

! (1E “”“ l_‘ l \ !

((@)-(e)) x-y P RHRLTE s ((0-G)) ZAMHEEY y-z #0T5 ((0-(0)) x-y T AL LA

Fig.2 2D slices of needle punching fabric reinforced nanoporous phenolic composites at different tensile stages:

((a)-(e)) Slices of fiber felt in x-y plane; ((f)-(j)) Cross section of composite in y-z plane; ((k)-(0)) Slices of woven fabric in x-y plane
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Fig.3 Fiber phase reconstructed based on Micro-CT images in different stages of needle punching fabric reinforced nanoporous phenolic composites:

((a)-(e)) Fiber felt in x-y plane; ((f)-(j)) Overall of composite; ((k)-(0)) Woven fabric in x-y plane
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Fig.5 Spatial angle distribution of reconstructed fiber phase: ((a)-(e)) Overall angle distribution of fiber in composite; ((f)-(j)) Fiber angle distribution in

outer fiber felt; ((k)-(o)) Fiber angle distribution in outer woven fabric
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Fig.6 Construction of high-precision finite element model of needle punching fabric reinforced nanoporous phenolic composites: ((a)-(d)) Extraction,

reconstruction and conversion of fiber phase in woven fabric; ((e)-(h)) Extraction, reconstruction and conversion of fiber phase in fiber felt;

((1)-(1)) Construction and meshing of high-precision finite element model in Abaqus
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Fig. 7 Finite element analysis results of needle punching fabric reinforced nanoporous phenolic composite: Stress contour of fiber felt surface (a) and
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Fig.8 Stress contour (a) and strain contour (b) of fiber felt layer; Local strain contour of needling point (c) and the matrix surrounding fiber (d) in fiber

felt; Stress contour (e) and strain contour (f) of woven fabric layer; Local strain contour of needling point (g) and the matrix surrounding fiber (h)

in woven fabric
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