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Design and fabrication techniques for typical structural-functional integrated composites

JIANG Mingiang' , HU Dongyuan®, DONG Chenhao', PIERCE Robert®, RUDD Chris®,
LIU Xiaoling™, YI Xiaosu *
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Delta Carbon Fiber and Composite Technology Innovation Center, Changzhou 213126, China; 3. Department of Wind
and Energy Systems, Danmarks Tekniske Universitet, Kgs. Lyngby 2800, Danmark)

Abstract: Under the premise of continuous improvement of lightweight and structural performance of carbon fiber
reinforced polymer matrix composites, enhancing specific functions, especially in the case of no loss, or even
enhancement of their interlaminar fracture toughness, can not only compensate for the inherent shortcomings of
structural composite materials, such as the electrical insulation of the resin matrix, but also enable them to meet the
requirements of specific products, such as high stiffness and certain sound absorption and noise reduction proper-
ties. Obviously, for cutting-edge applications such as aerospace, such function-added or structure-function-
integrated composites technology is crucial to the future development of aerospace technology. In this paper, the
design, preparation, and performance studies of four typical function-integrated structural composites are
presented, which are conductivity-toughening integrated laminate based on functionalized interlayer technology

(FIT), and based on inter-woven conductive weft fabric (IWCWF); Sound absorption composite based on honey-
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comb/micro-perforated panels sandwich structure filled with carbonized cotton fibers with hierarchical pores, and
based on folded structures prepared from woven fabric/nonwoven mats. The first two materials achieved simultan-
eous improvement in the electrical conductivity and interlaminar toughness of composite materials by inserting
conductive functional interlayers into the resin-rich layers and introducing a conductive weft network throughout
the composite. The latter two materials demonstrated excellent sound absorption performance through the techno-
logy using honeycomb/micro-perforated panel sandwich filled with carbonized cotton fibers with hierarchical
pores, and the folding technology of woven fabric/nonwoven fiber mats composite sheets. This showcases the
application of multi-scale, multi-level structural design and fabrication techniques in the functional integration and

structural-functional integration of structural composites.

Keywords: carbon fiber reinforced polymer (CFRP); multifunctional composites; electrical conductivity; toughening;

sound absorption
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Insulated resin matrix
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(b) FIT* aﬁh&’ ﬁﬁﬁﬂ%
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NEER: (a) Control™; (b) FIT®
Fig. 10 Schematic illustration regarding the through thickness

— NPV veils

conductive contacts of NPV at low and high compaction: (a) Control™;

(b) FIT™®

2.0

1.5 ¢
1.0 |

0.5
N \.

0 1 2 3 4 5 6 7 8
Number of NPV layers ()
E 11 py 5 NPV #2255 1P
Fig. 11 Effects of the number of NPV layers on p,*"

Through thickness electrical resistivity p,/(Q-m)
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G;c—Mode I interlaminar fracture toughness

12 DHAEPESHLAEZ IR FIT' 5 JCH)Z 06 A Control £ 1 84)Z(H]
W ZLEIPEIREE R AL () BT Ze s (b) T AR MW LRH
R i
Fig. 12 Result and comparison of FIT' specimen and Control specimen
in Mode I interlaminar fracture toughness test: (a) Typical load-
displacement curves; (b) Typical R-curves of Mode I fracture toughness

test!’!
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Interface
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oI
Fig. 13 Photograph of interleaved specimen FIT' in Mode I interlaminar
fracture test: (a) Fracture open photograph; (b) SEM image at crack
region; (c) Plane view of the fracture surface; (d) Zoom-in

photograph of fracture surface of (c)"*
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T Gye KfE™
Fig. 14 Result and comparison of FIT' specimen and control specimen in
Mode II interlaminar fracture toughness test: (a) Typical load-
displacement curves; (b) Gy values of Mode I interlaminar fracture

toughness'!

V1A PR 24 i 0 5 ) E JR 1 R A 4R 1 B ) S &
PR, BATE SR 1 B2 A YIRS S Gyco

&l 15 7R 1 11 284 by 24490 14 D o CERP A il
PRSI . ARl 24 g0 IX B A 1Y SEML B, 55 )
P48 A B A AR R ET Y 2 /D) R A J2 4R A T
b R AEDRE AR )Z N ER . 7E DD AB A 2 L W 5K F
KEMIIREILLF et A 24 (] 5), X R 1
AU BY U] 43 J24 22 h D AR R 4 2 MR AR B I P 2R
T SR FIARR 2 1) P9 ARt B R 1 255 BT DR 1Y
[EEEORSE 2787 B R iR 187 N B s 3 s 34
ML —A B 5% 20 55 — A5, IR 2
T T R 0 A A e R o

Interface

\ Functional interlayer
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400 pm Interface
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(a) Mode I i85 s (b) I BUZ4ELAY SEM &I
Fig. 15 Side view photograph of interleaved specimen FIT" in Mode II
interlaminar fracture test: (a) Mode II test; (b) SEM images at

crack region”!
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Lower carbon
fiber interface "
y Fibet brea
. .
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fiber interfal
T o
s ¥ {5,
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\ \} Fiber Quk:out B

FEl 16 I1AZMBEMERIDER : (a) L3&RM; (b) ERMAE;
(c) THRM; (d) FRmHG"
Fig. 16 Plane view of Mode II fracture surface for interleaved specimen
FIT": (a) Observation of upper fracture surface; (b) SEM image at upper
fracture surface; (c) Observation of lower fracture surface; (d) SEM image

at lower fracture surfacel’!
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Conductive yarn (weft yarn) \

N\

Carbon fiber (warp yarn)

817 NG L2/ SR AT 4 W) (IWCWE) 25 H 7R B 14T
Fig. 17 Schematic illustration of the inter-woven conductive

weft/continuous carbon fiber fabric TWCWF)

18 HIANPIF IWCWF MG A . () ML ALELEI;
(b) 40 S L a0y
Fig. 18 Photographs of two sets of IWCWFs: (a) Thick conductive yarn

fabric; (b) Fine conductive yarn fabric/®”
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RIAr 3R 3 T SR G A M E SR, H5H
FERLGN & 20 fros o P e, o 150 4 T L 2T AR e e
gy, WEmMAERRTESGY ., WE 20(b)
iR, SHAESIELGMEINIRE T =4
S, AT [ BB R A2 G A IR B T ) TS
P 9] R FL 2R
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2oy
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= T > g el

P19 HPIF LN SEM BT . (a) M2 S8,
(b) 4Ly i gl

Fig. 19 SEM images of the cross-section of two kinds of conductive yarn:

(a) Thick conductive yarn; (b) Fine conductive yarn®?
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©

Fl20 ZT IWCWF R SRR . (a) @IRBRLT JEAI S HIE2)
BIRAL; (b) (/R P HLEBZPRIAL; (o) SiAhZb S ST AL Ay
el
Fig. 20 Structural model of composite based on INCWF: (a) Model
including both carbon fibers and conductive weft yarns; (b) Model only

including conductive weft yarns; (c) Cross-section image of the model
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{14 5 £ 19X 245 AT 2R A S T e (T80 60) 0 2 B 1 T
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MO, FEFAL D Al AR, e 2 n] AT A5
X LA BB AGJE R T ) LR

Upper surface (Vertex 2)

Interlayer

Lower surface (Vertex 1)

Pl 21 3 DB U B LA 2 2 A )
Fig. 21 A schematic of the stochastic overlap network model in

connected graph form®?
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4 # #l (Thick conductive weft, tIC) HYIE 55
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Fig. 22 Through thickness electrical conductivity (TTEC) of common
weft shaped composite (CC) and thick conductive weft (tIC) and fine

conductive weft (fIC) conductive composite and their comparisons®!
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S H W52 4 #1 8 (Conductive fabric composite,
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((a1), (a2)). CCWIEIES ((a3), (a4)). IC RIEIEHL ((b1), (b2)). IC
LS (b3), (b4))™
Fig. 23 Surface photographs and cross-section images of CC and
conductive fabric composite (IC):
CC surfaces ((al), (a2)), CC cross-sections ((a3), (a4)),
IC surfaces ((b1), (b2)), IC cross-sections ((b3), (b4)) %
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Gic.ini—Initiation mode I interlaminar fracturetoughness;
Gic.prop—Propagation mode I interlaminar fracturetoughness

Pl 24 CC I IC (i T 200221 W b M 4 SR P
Fig. 24 Results of Mode I interlaminar fracture toughness tests of
CCand IC*
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25 T AUZ MBS 28R A SEM LA (a) CC;

(b) IC; T 2042 [a) e 24 I AF O BT 24 5R THT 11 ML 28 SEML RFALIRT .

FEERE ((c1), (c2)). FHEEMEL ((d1), (d2)) BIHAHR AL Bk

Bl ((c3), (ca)) WIME A MEL: ((d3), (d4)) FHE SR
Fig. 25 Typical SEM side views of crack paths after the mode I tests:
(a) CC; (b) IC; Typical SEM top views of matching fracture surface after
the mode I tests: CC ((c1), (c2)), IC ((d1), (d2)) and their corresponding
optical microscopy images: ((c3), (c4)) CC and ((d3), (d4)) IC*®
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Fig. 26 Results of Mode Il interlaminar fracture toughness (Gyc) tests of
CCandIC"
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Fig. 27 Typical SEM side views of crack paths after the Mode II tests:
(a) CC; (b) IC B
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Fig. 28 Typical micro perforated-honeycomb structure: (a) Overall

structure; (b) Micro perforated plate; (c) Honeycomb structure core;

(d) Rigid bottom plate!*?
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Fig.29 Morphology of carbonized cotton
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Fig. 30 Preparation of micro-perforated plate sound-absorbing

composite with honeycomb-hierarchical structure!®”
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Fig. 31 Sound absorption performance test results of no-filling,
carbonized cotton, and hierarchical pore structure samples (the shadow
around the curves shows the standard deviation from the mean of three
samples): (a) Sound absorption curve;

(b) Average sound absorption coefficient
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Fig. 32 Simplified model of the micro-perforated plate sound-absorbing

composite with honeycomb-hierarchical structure: (a) 2D model; (b)

Decomposition model®!
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Fig. 34 Woven/nonwoven fiber mat composite material: (a) Vertical

view and microscopic view; (b) Front view and microscopic view!™
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Fig. 35 (a) Folded structure theoretical model; (b) Geometric

parameters of the folded structure unit cell™
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Table 1 Geometric parameters of the folded structure

unit cell
Geometric parameter Value
Height of the structure H/mm 50
Length of the edge S/mm 60
Length of the edge a/mm 30
The folding angle 6/(°) 55
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Fig. 36 The influence of different materials and structures on sound

absorption ability: (a) Sound absorption coefficient curves;

(b) Experimental setup'™
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Fig. 37 Extracting the minimum unit cell of the structure!™
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Fig. 38 Simplified model of the folded structure: (a) Minimum cell of the
folded structure; (b) Equivalent model of the folded structure!™

CINYY &/ O3 ¢ R S S E A =Y
ZEFLAR LS, R L5 R R AE 7 BTG 3 R AR
Zcn = —jZocot(kD2) (8)

Zn+1c08(kDp) + jZosin(kD,,) @)

Zen =2p - -
Zycos(kDy) + jZy41 sin(kD,,)

Zn = Zuon + Zcn (10)
Hor: Zen AT Ir S ERYRRAE R BT jAGRE R
HETR AL s Zo N2 RIS BT Z, 9 12 3 R
T 3 25 M b 580 22 £ R I 45 40 B (AR T P LA 5
ZonJe I 1 R BOTH 5 B FLAAL B 45 K R AR 1Y
P AE 7S BT (181 39); Zina 9 0SF FLAR A 5 B 7 AR
PR D, IS o B AR R A5



- 4474 -

EEMRER

REPRRAE P BT A (3), BIAT 45200 s R 40t

D,

Zy, Zyy Z3y Z4y Ziy, Zicoy Zcsy Zea—The specific acoustic impedance of the
locations; Z,,,, Z 5, Zin3, Zna—The specific acoustic impedance of the
microperforated plate
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Fig. 39 Analytical diagram of the equivalent model for the

folded structure!™
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Fig. 40 Comparison of the theoretical model and experimental results™
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