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Mode II interlaminar mechanical behavior of needled/stitched multiscale

interlocking composites
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Abstract: Needled/stitched multi-scale interlocking composites have excellent interlaminar properties and are
increasingly used in aerospace thermal structure composites. However, the effect of stitch technology on double
incision interlaminar shear (DNS) performance of needle composites remains unclear. Using quartz satin fabric
and quartz twill half-cut fabric as materials, quartz fiber-reinforced resin-based needle/stitch multi-scale inter-
locking composites with three kinds of stitch pattern and four kinds of stitch fiber bundles were designed and pre-
pared. The DNS performance of the composite was tested and analyzed. The internal structure of the fabric was
characterized by micro-CT, and the fracture morphology of the sample was observed by scanning electron micro-
scopy (SEM) to clarify the mechanism of interlayer strengthening. The DNS behavior of needled/stitched multi-
scale interlocking composites was further investigated by cohesive zone model (CZM) and Abaqus software, and the

ultimate failure strength was predicted. The results show that the introduction of stitch technology greatly
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improves the interlamellar properties of the composite, and the maximum failure load of DNS reaches 32.73 MPa,

which is 86.46% higher than that of the needled composite. The main failure modes of multi-scale interlocking

composite DNS are matrix cracking, brittle fracture and pulling out of fiber bundle. At the same time, the simula-

tion results are in good agreement with the DNS experimental results of needled/stitched multi-scale interlocking

composites, and the maximum error is less than 8%, which proves that the cohesion model established in this paper

can effectively predict the interlaminar shear performance of needled/stitched multi-scale interlocking composites.

Keywords: needling; stitching; preform; composite; interlaminar mechanical properties of mode II; CZM
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Table1 Material parameters

Material Structure Density Thickness/mm Tensile strength/MPa Tensile modulus/GPa
Quartz base cloth Satin 460 g/m* 0.5 217.57 26.71
Quartz half cut cloth Twill 285 g/m* 0.4 208.50 21.72
Quartz yarn — 50 tex — 600.00 78.00
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Table2 Experimental parameters
Sample Fabric structure Volume of stitched fiber bundle/tex Stitch spacing/mm Stitch pattern/stitch
1¥ Needled — — —
2 Needled/Stitched 50x1 4 2x2
3 Needled/Stitched 50x2 4 1x2
4’ Needled/Stitched 50%4 — 1x1
5" Needled/Stitched 50x8 — 1x1
(a)
Base cloth Half-cut cloth Base cloth
IR AR M : :
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L TN TR — i i
Half-cut cloth and CNC cutting machine ~  ~ 70T T l‘ """"""""""""
base cloth design Half cut out of place Needle plate

Needled precast

!

Stitched needle

Stitched fiber

(b)

Needled precast

Needling process

Base cloth

<

Bottom fiber

—

Needle

Half-cut in situ

A

Base cloth

Needling

-

D

D

4

Stitching process

CNC—Computer numerical control
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Fig.1 Schematic of needled/stitched dual-scale interlocking preform manufacturing process

| Needled/Stitched preform
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Fig.2 Process and results of CT characterization of

needled/stitched composite
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Davg—Abbreviation for diameter average
B3 AR ER: (a) FHHIZFAENR; (b) LB 100 tex 4E A LF 4R
Fig.3 Diameter of fiber bundle: (a) Needled fiber bundle; (b) Stitched fiber bundle with a linear density of 100 tex
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Fig.4 DNS experiment: (a) Sample; (b) Schematic diagram of the experimental process
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Macro-scale needled/stitched composite
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Interlaminar shear test of |:> = o i Gijichine
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Jo Separation

o

Tmax—Maximum shear stress; K;;—Cohesive stiffness; Gj**™™—Critical fracture energy of needling composite; Gii“"""—Critical fracture energy of stitching
composite; §,—Displacement of the specimen damaged; 6;—Displacement of the specimen failure

K5 DNS B{EBLURER: () FAZatir; (b) #/58 5 2 RIZHREUL A bk

Fig.5 Schematic diagram of DNS numerical simulation: (a) Needled composite; (b) Needled/stitched composite
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Table 3 Mechanical properties of material

Material Ty/MPa Ky/(N'mm™)  Gy/(N-mm™)
TDE-86 resin 14 1700 1
Needled fiber 485 1729 50
Stitched fiber 762 1839 162

Notes: T;;—Sheer stress; G;—Critical fracture energy.
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Interlaminar interface cohesive element

Needle trajectory

Needled fiber bundle cohesive element
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Fig. 6 Finite element model and meshing: (a) Needled composite; (b) Needled/stitched composite
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€18 DNS HIRIERTLL: (a) NRILERLIAEIIAL; (b) ARIZESHER

Fig.8 Intensity comparison of DNS: (a) Different volume of stitched fiber bundle; (b) Different stitch pattern

K19 DNS UM REEAL : (a) ZNUEHRBIE SR
(b) HHHIE SRR

Fig.9 Typical fracture morphology of DNS experiment:

(a) Needled/stitched composite; (b) Needled composite
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(1) 5EZEERIE A MEAEL, &Hfl/% 5 2
RO BERE A ARG DNS PEREIR THIl i, 5] A%
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1x1 stitch A {#f DNS P AE i 9.91% 3 /il %] 55.68%;

(3) DNS S & W1, &Rl /48 & 2 NE B 8152
A R ST AR O S AT R T HE SRR e
PR A 5

(4) N FH A 2R T A R ] /5% & 22 N2 R B
SRR EAT DNS 5280 A BROCIT B, B R A
BRI /48 5 2 RO R8I & 41 FHE) DNS 5256 45 41
W) B, DRSO I 8%, 15 FH IS B
R, TR AU T AR

1200 " 1500
(a) HIE EXP | (b) @ EXP 2* 1500 (c) T EXP3*
1000 f — FEM L 1200 — FEM 2 — FEM 3*
1200 +
z 800 900
i 900
'% 600 % %
600 L
400 | ~ = 600
200 + 300 300
0 02 04 06 08 1.0 1.2 14 0 02 04 06 08 1.0 1.2 14 0 02 04 06 08 1.0 1.2 14
Displacement/mm Displacement/mm Displacement/mm
2400 Strain/
1800 ((d) CJEXP4* (e) [ EXP 5% ® %
— FEM 4/ 2100 — FEM 5 10
1500 | 1800 | H
% 1200 Z 1500 r g
900
600 3
600 2
300 1
300 0
0 02 04 06 08 1.0 12 14 0 02 04 06 08 1.0 1.2 14
Displacement/N Displacement/mm
EXP—Experiment; FEM —Finite element method
FE 10 SEH-SHEINY DNS - AR LL: ()17 ()27 (¢)3%; (d)4; (e)5"; (f) ABRILHHNILIAL = [&]
Fig. 10 DNS load-displacement curve comparison between EXP and FEM: (a) 1%; (b) 2%; (c) 3%; (d) 4%; (e) 5°; (f) Finite element simulation
strain nephogram
*4 ZTWEFRITH DNS B RFHIRF XL
Table4 Comparison of DNS maximum failure load between experiment and FEM
Sample EXP/N FEM/N Error rate/%
1" (Needled) 1123.33 1115.48 0.70
2" (Needled/Stitched 200 tex 2x2 stitches) 1254.64 1300.54 3.66
3" (Needled/Stitched 200 tex 1x2 stitches) 1451.25 1512.00 418
4" (Needled/Stitched 200 tex 1x1 stitch) 1748.75 1887.07 7.91
5" (Needled/Stitched 400 tex 1x1 stitch) 2 094.58 2194.91 4.79
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