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Tensile failure mechanism of carbon fiber/epoxy composite winding joint
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(1. State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and

Astronautics, Nanjing 210016, China; 2. Chengdu Aircraft Design & Research Institute, Chengdu 610091, China)

Abstract: The axial tensile failure mechanism of carbon fiber/epoxy composite winding joint was studied by means

of experiment and simulation. Based on ABAQUS, the continuum damage model and cohesive zone model were

used to simulate each part and interface of the carbon fiber/epoxy composite winding joint, respectively. The pro-

gressive damage model of the carbon fiber/epoxy composite was established by writing user-defined material sub-

routine(UMAT). As a result, the stress distribution and load-displacement curve of the carbon fiber/epoxy compos-

ite winding joint were obtained and the failure mechanism of the structure was determined by comparison with the

experimental results. The results show that the calculated damage position and failure modes of the carbon

fiber/epoxy composite winding joint agree well with the experimental results, and the difference between the calcu-

lated value and test value of the failure load is small, which proves the validity of the simulation analysis method. By

comparing the failure modes, it is found that under tensile load, the loop plies are the main bearing component, and

the curved end of which is the position where the stress is concentrated. The fiber fracture starts from here and

gradually spreads outward until the loop plies fracture, which leads to the structural damage.

Keywords: winding joint; composite; axial tensile; failure mechanism; cohesive zone model
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Fig.1 Geometry configuration of carbon fiber/epoxy composite

winding joint
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Table1 Properties of carbon fiber/epoxy composite

CCF300/BA9916- I  CF3031/BA9916- Il

E,,/GPa 120 60
E,,/GPa 77 59
E;3/GPa 7.7 7.7
Hi2=}h3= b3 0.27 0.05
G2=G,5/GPa 55 6.4
G,3/GPa 5.5 6.4
Xt/MPa 1400 500
Xc/MPa 1300 450
Y;/MPa 35 450
Yo/MPa 160 455
Z+/MPa 35 50
Zc/MPa 160 155
S,,=8,3/MPa 163 105
S,3/MPa 86 83

Notes: E; (i, j=1, 2, 3)—Elastic modulus in direction of fibre,
perpendicular to fibre in plane and out of plane; X, Y,
Z;—Tensile strength in the three directions above, respectively; X,
Yo, Zc—Compress strength in the three directions above,
respectively; 1, G S (i, j=1, 2, 3)—Poisson’s ratio, shear modulus
and shear strength for 1-2, 1-3, 2-3 plane, respectively.
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Fig.2 Loading diagram of composite winding joint specimen
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Fig.3 Clamping diagram of composite winding joint specimen
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Fig.4 Schematic of strain gauge positions of composite winding joint
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Table 2 Axial tensile load test results of carbon fiber/epoxy

composite winding joint
Specimen Failure Average Coefficient of
number load/kN load/kN variation/%
T-1 41.94
T-2 38.73 41.07 6.49
T-3 38.56 ’ ’
T-4 45.06
50
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Fig.5 Load-displacement curves of carbon fiber/epoxy

composite winding joint
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Fig. 6 Strain-load curves of carbon fiber/epoxy composite winding joint specimen T-1
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Table 3 Degradation modes of carbon fiber/epoxy composite winding joint

Failure mode Stiffness degradation of material
Tensile fracture of fiber E{, =0.07E1;
Compression fracture of fiber E{, =0.14Ey;

Tensile cracking of matrix
Compression cracking of matrix
Delamination
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Table4 Material properties of J-116B

E/Ep/(MPa-mm™1) G1/Es/(MPa-mm™)

Go/Ey/(MPa-mm™)

19 /MPa 19 /MPa 0 /MPa GC/d-m™?)

1000 300 300

20 30 30 2

Notes: E/En,, G1/Es, G2/Eq—Interface stiffness for three directions, respectively; tg, t?, t?—lnterface strength for three directions,

respectively.
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Fig. 10 Contour of stress of carbon fiber/epoxy composite winding joint in the first stage
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Fig. 11 Contour of damage evolution and corresponding stress for adhesive layer of carbon fiber/epoxy composite winding joint in the second stage
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Fig. 12 Contour of damage evolution for loop plies of carbon fiber/epoxy composite winding joint in the third stage
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+6.485e+02 +8.163e+02 +1.004e+03
+5.5860e+02 +6.357¢+02 +7.981e+02
+4.688e+02 +4.550e+02 +5.923e+02
+3.790e+02 +2.743e+02 +3.864e+02
+2.892e+02 +9.368e+01 +1.805e+02
(a) F=36.92 kN, U=1.52 mm (b) F=39.38 kN, U=1.68 mm (c) F=40.14 kN, U=1.84 mm
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Fig. 13 Contour of stress for loop plies of carbon fiber/epoxy composite winding joint in the third stage
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FEARKEL, #EHS WA Z B2 IR i, Fig. 14 Failure modes of carbon fiber/epoxy composite winding joint
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Fig. 15 Final form of damage for adhesive layer of carbon fiber/epoxy composite winding joint
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Table5 Comparison of simulation and test values of some
stain gauges on carbon fiber/epoxy composite winding joint

Strain gauge Simulation Test Error/
number value/10°° value/10° %

7 -420 745 43.62
9 619 479 29.23
11 1993 1861 7.09
23 4124 4285 3.76
25 1863 1754 6.21

5 &ig

(1) X Bk £F 4 /35 S i 52 & b1 R} 9 58 4 Sk A
ol v Ao A3 A7 A T A9 2 OB Y 2R AT B8 F 5T
AAT BT T % Al e B AR R I 2 1 36 28 ) 20K
EREWNIZTTEA R

(2) RARITH:, BT ABAQUS # 4 f ,
KPR P HE TP (UMAT), i il 1
ik 2T 24 /30 S IR 52 6 8 RH R ORI SR 3 e Ty
o FIRES5 N R CRIRL, ST 1 R N A i oE 45
P BROCAEAL, 75 21 i 27 4 /25 S804 g 525 B4 k2
ek BRSO 0 A AR B St i A

(3) T35 T A5 e R 2 Ao 15 1 (P P (B A 2 85
AN RRIE BT T, VAT A T R R I A A 1 AR
S ER A 2250/ s TR 2T 2 /30 SR A2 & 1

BHEGEHS W B A A 5 W) &, BRI
HOMINEWNARNE . W B, LT 4 /380 S A
i 55 R 8 2 K SE T R T2 A5 00 T BE 3R 45
13, BEE A ER-rp [ 1F S T R B i, B
PR IR T BR TR, B ERIOE S 0 18 A D
PAE SIS B (e S PN ES R S VR TR
1103 1 A Sk A5 R B AR o SRR ST 5 7
VE T LAAT RCTUI Bk £ 4 /9 S5 R 52 B 98 g 4
S 1Y R

SE3HK:
(1] #hs, E0T. SR WIS BT M. J65: fias Tl
AL, 2002.

YANG N B, ZHANG Y N. Composite structure design of air-
craft(M]. Beijing: Aviation Industry Press, 2002(in
Chinese).

[2] HOLZWARTHR C. The structural cost and weight reduc-
tion potential of more unitized aircraft structure: AIAA-98-
1872[R]. Reston: American Institute of Aeronautics and As-
tronautics, 1998.

[3] BUTLER B, FELLOW A. Composites affordability initiative:
AIAA-2000-1379[R]. Reston: American Institute of Aero-
nautics and Astronautics, 2000.

[4] ENGELSTAD S P, BERRY O T, RENIERI G D, et al. A high fi-
delity composite bonded joint analysis validation study
Part | : Analysis: AIAA-2005-2166[R]. Reston: American In-
stitute of Aeronautics and Astronautics, 2005.

[5] PHILIPS H J, SHENOI R A. Damage tolerance of laminated
tee-joints in FRP structures(J]. Composites Part A: Ap-
plied Science & Manufacturing, 1998, 29 (4): 465-478.

(6] FEEV, ®IA, T, ZAEMEERZEE SR 5IKR
FEIC)/ /5 19)m A IF BT HLAR 28 3C. MR IR =S 22 2%,
2003: 65-70.
WANG G P, HUANG L C, WANG G. Design and experimen-
tal research of composite laminate multi-bolted joint[C]//
The 19th National Helicopter Conference. Harbin: Chinese
Society of Aeronautics and Astronautics, 2003: 65-70(in
Chinese).

(7] 90iE U, BRE, &5, BREF 4 & MRS 4 VERE IR0 5



$2172 -

EEMRER

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

PESMT ). AR EAER, 2016, 33(11): 2517-2527.

SUN X, TONG M B, CHEN Z, et al. Test and simulation ana-
lysis of mechanical properties for joint of carbon fiber com-
posites[J]. Acta Materiae Compositae Sinica,
33(11): 2517-2527(in Chinese).

ALY, TAE, SEEN]. A PPRLR L i S R
W5 11]. BERM/ S G418, 2019(3): 16-20.

SHIH N, WANG ] H, ZHANG G M. The research on damage

2016,

and failure modes of composite L-joint[J]. Fiber Rein-
forced Plastics/Composites, 2019(3): 16-20(in Chinese).
CHANG F K, SCOTT R A, SPRINGER G S. Strength of me-
chanically fastened composite joints[J]. Journal of Com-
posite Materials, 1982, 16(6): 470-494.

WOLFF R V, LEMON G H. Reliability prediction for com-
posite joints-bonded and bolted: AD-A026408[R]. [s. L]:
[s.n.], 1976.

KASSAPOGLOU C, TOWNSEND W A. Failure prediction of
composite lugs under axial loads[J]. AIAA Journal, 2003,
41(11): 2239-2243.

WALLIN M, SAARELA O, LAW B, et al. RTM composite lugs
for high load transfer applications[C]//Congress of the In-
ternational Council of the Aeronautical Sciences. Ham-
burg: Helsinki University of Technology, 2006.

LR, Y. A RSS2 RS A A AT 23
Br O], Btz AR K241, 1999, 31(6): 722-726.

SHIJ Z, HUANG W Y. Analysis of winding composite joints
at several load conditions[J].Journal of Nanjing Uni-
versity of Aeronautics & Astronautics, 1999, 31(6): 722-
726(in Chinese).

e b, WAEA. A MRUR SRS B DCEIE 5 A
R[], MEERRL, 1999(1): 1-7.

SHIJ Z, HUANG W Y. A survey of related theory and appli-
cation of bearing-load joints of composite materials[J].
Hongdu Science and Technology, 1999(1): 1-7(in
Chinese).

FRIEMR. 2 G O 5 4 S BT B AE AR i
FAOT. fiizs 241, 2008, 29(3): 640-644.

CHENG ] L. Design of composite laminated joint and its
application in large aircrafts[J]. Acta Aeronautica et Astro-
nautica Sinica, 2008, 29(3): 640-644(in Chinese).
KSR, A RRVE R SR B O 8 (). MEER AL,
2001(1): 38-42, 54.

ZHANG W R. Test for load-bearing capacity of lug connec-
tor of composite material[J]. Hongdu Science and Techno-

logy, 2001(1): 38-42, 54(in Chinese).

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Toik, TR, BUNE, S GERE A PORHE L2 ] 44 )
SIAT R R 7] B4, 2013(2): 62-65.

WANG Q, WANG J H, LI X B, et al. Analysis and improve-
ment on laminated cracking of circular composite joint[J].
Trainer, 2013(2): 62-65(in Chinese).

HAVAR T, WERCHNER C, MIDDENDOREF J. Design and
manufacturing of composite aerospace load introduction
structures[C]//AIAA/ASME/ASCE/AHS /ASC Structures,
Structural Dynamics and Materials Conference. Reston:
American Institute of Aeronautics and Astronautics, 2011.
HAVAR T, DRECHSLER K. Design and progressive failure
analysis of 3D-reinforced composite force introduction
loops[C]//49th AIAA/ASME/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference. Reston:
American Institute of Aeronautics and Astronautics, 2008.
R, A, BT A, S ARG L R RE
ARRTESHHT (7). SR8k st T4, 2018, 39(4): 174-178.
LEIL C, ZHOU G M, LU F Z, et al. Finite element analysis
on tensile properties of composite winding joint[J]. Jour-
nal of Ordnance Equipment Engineering, 2018, 39(4):
174-178(in Chinese).

R, ARSI EERERT Y (D). B A MRS
MR, 2018.

LEI L C. Research on mechanical properties of the winding
composite lug[D]. Nanjing: Nanjing University of Aeronau-
tics & Astronautics, 2018(in Chinese).

TMESe. BEME I SE5 BT IM]. 1 BRI TR
Jaxt, 2012.

WANG Y X. Mechanics and structural design of composite
materials [M]. Shanghai: East China University of Science
and Technology Press, 2012(in Chinese).

HASHIN Z. Fatigue failure criteria for unidirectional fiber
composites[J]. Journal of Applied Mechanics, 1981,
48(4): 846-852.

CAMANHO P P, DAVILA C G. Mixed-mode decohesion ele-
ments for the simulation of delamination in composite ma-
terials: NASA/TM-2002-211737[R]. Washington: NASA,
2002.

BRT T, 2R, HIHE, 45, & DREAZ IR AR e 52 5 b1
REPRRESAHLE] (1], B APR2AR, 2020, 37(6): 1312-1320.
CHEN D D, ZHU M, HU Q G, et al. Tensile failure me-
chanism of carbon fiber reinforced polymer composites
with ply splice [J]. Acta Materiae Compositae Sinica, 2020,
37(6): 1312-1320(in Chinese).


https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.2514/2.6816
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.1115/1.3157744
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.2514/2.6816
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.1115/1.3157744
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.2514/2.6816
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.1177/002199838201600603
https://doi.org/10.2514/2.6816
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.3321/j.issn:1000-6893.2008.03.017
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.1115/1.3157744
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.11809/bqzbgcxb2018.04.037
https://doi.org/10.1115/1.3157744

