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Analysis and prediction of the mechanical properties of the single-lap
joints between carbon/glass fiber hybrid braided composite and steel plate
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Abstract; The mechanical properties of the bonded joints, riveted joints and hybrid joints between carbon/
glass fiber reinforced polymer (FRP) and steel plate were systematically studied by simulation and
experiment, in which cohesive zone damage model, metal failure criterion and Hashin failure criterion were
employed to simulate the cohesive failure of adhesive layer, rivet rupture and FRP damage,
respectively. On this basis, the finite element model of hybrid joints was established by combining the three

failure criteria, and the mechanical properties of the hybrid joints during tensile tests were predicted. The
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results show that the finite element model can accurately predict the maximum load, failure displacement,
failure modes and complex failure process of the hybrid joints tests. It is noticeable that the glass fiber as
braided yarn is torn in the hybrid braided FRP for the joints with adhesive layer. Besides, the effect of the
adhesive thickness on the mechanical properties of the hybrid joints was also studied. With the increase of
the adhesive thickness, the maximum load of the joint increases first and then decreases, and the area of
the damage zone around the rivet hole of FRP plate increases gradually.

Keywords: hybrid braided composite; single lap joints; adhesive thickness; mechanical properties; cohesive

zone model

LU IR A AR FRP) ¥4 VF 2 W25 0 0 50, G bea B | LR ek v LR ok i 55 AT R A i
ZEMUR VRS R AR S B Bk iz . BT RS R4S B PR R AR AL DLAR R 5 A MR B L
) 2 MR G 2 AR R B i AL BRI ZS M B H A B2 )5 ) . TEAR 26 B0 T FRP 2> & & bORHE & 1 g i
W AN R] kG b TG FRP A 0 7 2 IR R R mn a4 /i8R IR A S R EE T HME . C & fH
S ESHRAERM T — 5™ . Hart-Smith™ F 20 20 80 4EAC & B IF G 1F 55 B A AR R 22 FiZ 1R &
Rk R B S AT 24 F PR IF A X — D5 101™ . Bodjona 2 8 fe 0T 1 56 TR A B 0 25 3R 18 3P R4
A28 TR A T T A A A R .

TE 45 s oI B2 % 55 75 43 J7 T, Hoang-Ngoc 55738 28 T B 58 1 8 HiLPE A 049 (30 2 P 6 92 70 % 42 R
¥ He H S W S O ELAR T TN ARG 2 J2 i 43 A R 57 F A s Comer S5UUBIFSE T B 4T 2 G 5R 2 G A R
(CFRP) FUER A 4 M B8 45 TR 6 38 5 A AS TRDRS 32 500 LR [R) T B2 10 BOHL AU 55 1 8 s Esmaeili 557 38 4 3K
5 5 HA A PR (volumetric method) BF5Y 1 B8R 48 3 "B T3 X XA 2 PR 490 61 R0 RUHE H2 1R & 3% 452 9% 57 73 1w Y
S

18 BOY XA L IR I 18T Marannano 556 38 28 30 56 1 05 BLAF 52 T 8RR R CERP Al W% 208 & i 4%
F Sk 1 1 8RB R 55 PR RE L OF BT ST 1 43 3k B9 2R AL A il T B0 BT S B0y CERP /9 J5 3B B JZ 461 45 5 Pirondi
SN B T AR AT A5 1% DU PN R DX AR S 1 A [ ) B0 4 T ORTORG T TR 3 e AT O BT AR L 3
SRR 0 D A {8 £ AR B R SO TR LA B R WA

B B MRS 1M R A B B TR T BFSE . Fa 5 DRSS TR IR e 4 I A
345 5% P B (RS B 350 41 T 0RO 3600 3 Bodiona %50 1) it 6 8 B JG (FEMD 40 B 919 T 42
G RRHE G 42 Sk B ET RO = 09 5 B B0, JFIESE T S B S 8O0 51 B0 5 e S H R U s Lopez-Cruz
SO o SIS BTy W S PP LR R S CFRP R A 3 Sk 5 B2 (5 W, BF 90 5 B0 38 R5 42 1 RS 2 L G 4
FRIRRE B S22 JEE e B T R L MR A AL £ ) B

L R ST T PSR 0 3k ) AE R RE HEAT A AR AU . Li AFU RS T G bR SRR R e
3 FNR A HE 0 NS00 8% 56 RN R Ui X, IR HE N7 T R AL A, Bois &N R T — AN TUINIR A i
B A MRS R T A BIE B . Bodjona S5 R T — B T 0B A 4R B IR O 2 1EAT R AS N T A M
77 12 BB T T AR R VR Z A K AT Sy L fh AR AL A 8] B | R A e X A R A R

I\ TR SCHR R T R 22 8057 8 T I R G2 22 S B[] 1Y) ik 21 24 30 308 2F 4 B3 () o 2T 4 1 52 2 419 21 4
BRI A AR ZE R B A S R (A A R 5 3 B A A AR AR AF L g 2 R A X e 4 At B
B, T LA IR R A MBS A e IR & 0 E & MR A B RS M. R, X Bk £F 2 R 3 35 &1
AR A I 210 52 A PR VR AR (4 32 4 v R R0 R ) TR JRE 1) S R 7 LA 9 B Y TR R

FRATE S X 24 3k iy i e 4t SR RS A SR AT LA A B UE R T P 2R PR T I A BR TR A A Sk
Xof B9 4 Sk i) 8 R RN B A SR AT FO B A A B TR 4 J 2 0 U AT Hashin 2 280 WU 1) A7 BR ST A5E 24
A R 5 SR 5 PN 3R X A 05 A AR | 4 i 2 Sk v ) L Hashin 2 8500 D) 28 57 TR & 42 3k 09 A BR e A B0 330 3R 4 3%
FE J1 A MR RE IR 0 45 2R 5 a6 R A7 XS B, PR A0 o A TR G Sk A AR I AR 0T AR A R Bk / B B 2T 4E TR
G FRP R0k A 0 802 s B Ja WIF 9T 17 ¢ )2 B B MR 5 3 2 45 4 ) 2 R B R 532 T RL A



70 TR K FFER

% 43 %

1 &

A PR Y = 2 A 3G 5 i A2 R 1SR A ER sk £ 4 3 5
AR A ST R i SR B AN 1 TR . Bl 2b g B AT 4 PR B B
29.7% s AL R BE RS LT Yk L IR LA TR o s o J5 18] B EE T 2 R B4 B4y
#7 4.65 %0 FEAARTR O ECR 6100, &G MORHRY SPE 2 80R 5 B 2 80 2s 32 B 4
BUA a MY OARBER TP R AU o R £45°. TEE A MORHRT A 1 R
g5 R v RS 3 R0 B M 8L BETAFORCE 90508, #14T M kL h 43 4 4: (AL Mg
3.5) . AR ES O i AU VAR BT ROR DR ST Be S A0 . RG34 D FIR A % 4 45
¥ 0 7R R R LA RS i 81 2 e, 38 42 18 AR RIS JZ IR B iR 22 3k 1 iR,

Bl RASAS
FEE

%

Fig. 1 Schematic drawing of

hybrid woven fibers
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Fig. 2 Schematic diagram of different joints (unit; mm)
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Table 1 The relative error of overlap area and adhesive thickness of samples %
M e 3k Rk Ra#Ek
75

P 22 THI AR e )22 I 5 42 T AR JBe )z IS $5 22 T AR e )22 I
1 —0.13 —2.68 —0.22 3.46 —14.77
2 —1.75 4.62 0.40 —2.43 0.69
3 5.39 9.49 0.54 2.39 4.17
4 —1.75 3.41 —0.08 3.53 9.95
5 —1.75 —14.84 —0.64 —6.96 9.95
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Table 2 Parameters of the composite

o/(g/cm®) E,/GPa E,/GPa G.,/GPa V1o X'/MPa X¢/MPa Y'/MPa Y</MPa S.,/MPa

1.57 74.70 8.28 6.85 0.29 1 090.0 492.1 41.6 113.2 100.1
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Table 3 Parameters of the steel plate, rivet and adhesive layer

o/(g/cm®) E/GPa Vi

e 7.85 206.0 0.30

a4 2.72 70.0 0.33

K3 H) (BETAFORCE 9050S) 1.30 0.3 0.45
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Fig. 3 Experiment and simulation for the failure of bonded joints
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bonded joints between tests and simulationt*
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Fig. 5 Tests and simulation for failure of riveted joints
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76 T R K FFHR % 43 %

W . CD BNes 4 B Be . BEF (0 AL 28000 38 00 BT 4 B A P 228 3 2% o 2% 280 0 BT DR T R L R 3 7
N, D SRR ILF B R EBE T, e Z 5 B R ERBE 1 th AT 4Rt I 10 (o) B R . DE B 5
B B B0AT e B A R ep A SR ORI B — AR . EF BORES 6 BB SNETAE R BT AR T B
B4 R BT [ L IS5 R 58 4 e R R B BE

16 000 -
e "y ---M1
14000 |- ' —M2
/ : ——-M3
12000 | i o M4
S M5
: —— 1A
10 000 |- {
]
g i
S 8000 c
6000 R
. i
4000 [ i !
i :L"'-"::-::"—‘.:;:-E"».
2 000 [ D TNy -
I F H
0 0 I I I -l ]
0 1 2 3 a 5 6

i /mm

9 RABELMERITER BN N 2k

Fig. 9 Force-displacement curves of hybrid joints of prediction and tests

(a) (b) (¢)

10 BEEEHABRNITE
Fig. 10 Failure process of hybrid joints in the test

TR T A6 £ 0 40 0 A A 5 T A IR A T R A M W) L AR T LA LIRS AR
AR SRR RETT .

KRR A AR AS & T R H M A O s R R P R R B 3,29 mim, T 2 R R B A A
2 058 N3 IRAEL M RBAIAE N 4.41 mm ARG 12 890 No BHOKTFE IR G I HAX T #14E5EK
32 SR BR AT+ HL5E 42 2 R RE K AZ B M X0 B T o RS 4 AR 45 1 132 B9 0T LE A BIE 52 vh A 19 1 4
5B, W T R T g
3.4 WAFHIERES SH B KRBT

T4 S S RO 3R 23 B v 8904 e S 1) 2 8oRE sXCORIT e e -5 B i) G () o £ 4 I 52 4 4 B9 47 4k 1 5 52 5 4
A J8E 04 42 Sk TE T DX o RS 132 AR TR 5 2 4 10 2 A 50 L B T A A L) B TR 2 200 P SR O S A T 4 4
RGN BT AE — Bl RR IR A SR ROBE L B Sy 20 21 20 (1) B 8 2T 24 W40 50 1405 Sy Bl 1) 20 14 Bl 2T 48 A0S A7 AR X B
KA 11 iR, 3K 2 B BE 4F 4 A% B 0 B Sk T e AR A BB A e s N s e I RN SR, 7R3k 2



28 MR 5B BB A R A A A A AR AR 0 SR RS A Sk 0 ) SRR 5 AT 5 TR 77

ol R A B Bl 1) (A RR ET 4k Ch AR 4 400 MPa) 3 2 7K A2 Bl a B A 4R i T 45710 S 2 2D B 5
P YE HLAFERE 2 600 MPa, S U158 B 50 MPa) R Ul bR T LA 1 Bk 32 3 1 S YT I . DI 76 K 4 5 T
JBE 2 B ik 35 £F T 5 5 i o

(a) itk (b) WA HER

Bl 11 HEBEMBEEEERIEARAL G IEIH T AR
Fig. 11 The tear of the glass fiber as braided yarn in bonded and hybrid joints

3.5 KREEBEEXNRGEZEHREEE M

RGO & 1 b O T RS0 R J5 B X $E A A 1) ) 2 PR RE A B2 L B T DL BRI B SE T IRE N
0.2,0.3.0.6,0.9,1.2,1.5,1.8 mm 7 Bl J& & 5 S0 ETRY G002 5 22 H A7 BROCASE L 5 o 4 b 1 3 A 3150

7 PSR B 2R 80 B A R ROE SR AR R L 3502 S B JBOORS B ET A T 2 S B A R Ok R EBE Ty . Rk
W 6 BB, I AR IR G R i 2 6 AN BB, A - i s 12 Fros. B2
JEJEAE LB YR B R (0.6 mm S HLUTR) ARG BB EE 3 B Be AN B I (04555 2 B Be ISR 4 D BIR G N
LB B, B R IR B, TTIE SR 3 B Bo™ AR B IE U B 3 B BL.

FTHT % A5 BT U] 2R S8R0 ) 5 G S I TR AR Sy o MV B R B TR R 280 B D) R I o L AR kS R
RO i LB/ R OL R L A5 R R BBE D B . R JE BJRE I ST O b B U S o L B ) L RS
KRBT i FE IS T AR DL T L S5 A I R SRR S B AIR . A WIS P R B R R BR A A 5 AR AN 13 R
W 25 TG J2 T2 B 3 0 R A S 3 IR el o R R E D 0.3 mum I S5 M IR BRE ) fe K. TR BN R
AAE A7 AR PO S R I R R R AR T 5tk . R VR R T 0.3 mom J 2 AT S T 0/ i TR A B I R R
G0 ARG R AR BT B2 FIORG 12 7 5 T i 52 40 19 07 R BB R R RS 2% 7 B ) 3R

16 000 -
14 000
12 000 R ‘i _____ )

10 000

8 000

BN

6 000

4000 |ff

2000 [f

2 3
fE#/mm

12 FTRKEEETREEINN-LBMLE
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Fig. 14 The damage in FRP influenced by the adhesive thickness of the hybrid joints:
(a) to (g) the damage area of FRP with different adhesive thickness;
(h) and (i) the out-plane deformation of FRP affected by the adhesive thickness
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