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Abstract: With the widespread application of composite materials in aerospace, shipbuilding, and automotive
fields, optimizing the performance of their connecting structures has become a key challenge. This article
focuses on three types of composite connections: adhesive bonding, bolted connection, and adhesive-bolted

hybrid. The influence of parameters such as adhesive layer thickness, bolt preload, and porosity on the
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mechanical properties of joints was systematically analyzed through a combination of experiments and
numerical simulations. The key parameters are optimized based on Response Surface Methodology (RSM).
The research results indicate that increasing the thickness of the adhesive layer leads to intensified
deformation but has no significant monotonic effect on the ultimate bearing capacity. The optimal balance
between stiffness and strength is achieved when the pre-tightening force of the bolt is 3.0 N-m, while the
ultimate load close to the low porosity structure can still be achieved through deformation compensation
mechanism when the porosity is 100%. The adhesive-bolted hybrid joint combines the stress dispersion of
adhesive bonding with the anti-stripping characteristics of bolts, and its ultimate load is increased by 17% to
40% compared with a single connection form. The quadratic polynomial model established based on the
improved response surface method identified the optimal parameter combination was adhesive thickness of
0.58 mm, pre-tension force of 3.1 N-m, and porosity of 93.0%.

Key words: composite material joint; adhesive-bolted hybrid joint; parameter analysis; Response Surface

Methodology
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Fig.1 Typical connection of composite materials
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Fig.2 Production process of vacuum pre-press molding for carbon fiber laminated boards
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Tab.1 Test results of mechanical properties of composite material foundation

Ehr E,, /GPa E,, /GPa Gy, /GPa Gy; /GPa G, /GPa

Bl 126.1 10.9 5.5 45 45

R Xy /MPa X /MPa Y; /MPa Y. /MPa S;, /MPa i3 MPa"" Sy; /MPa”*"!
HE 1506.3 812.6 30.5 133.0 70.5 62 62

(b) E4FiA% (c) BIiiks:
Bl 3 L BRETE A AL ) 2 PR

Fig.3 Mechanical performance test of unidirectional carbon fiber laminated board foundation
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Fig.4 Specimen sizes and test diagrams of three types of connector
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Fig.5 Test results of three types of connection joints
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Tab.2 Results of displacement load in ultimate bearing test

T fii#% /mm W BRAREL T /KN e fii#% /mm W BRARE ST /KN
CJ-1 13.05 0.265 CL-3 37.97 0.436
cl-2 12.59 0.271 JL-1 41.19 0.544
Cl-3 11.84 0.285 JL-2 40.35 0.521
CL-1 37.78 0.544 JIL-3 37.61 0.477
CL-2 35.87 0.484
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Fig.6 Finite element models of three types of connection structures
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Tab.3 Verification of grid convergence
R4 T /mm ook HHERK /A FAXF 22 /%
1 7723 11 0
2 5346 6 0.97
3 2560 3 1.59
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10 560 0.5 8.42
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Fig.7 Comparison of load displacement between finite element and experimental results of connection structures
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Fig.8 Finite element damage contour plot of connecting structures
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Tab.4 Range of parameters values for RSM

o Levels used
A Low (1) Middle (0) High (+1)
22 SR 0.5 1.5 2.5
jE-wil 0.5 2.75 5
FLE AR 90 92.5 95

% 5 RSM ik I i& 1t
Tab.5 Experimental design of RSM
Experiment run 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
t 0.5 2.5 0.5 2.5 0.5 2.5 0.5 25 15 15 15 15 15 1.5 1.5
h 0.5 0.5 5 5 275 275 275 275 0.5 5 05 5 275 275 275
/ 925 925 925 925 90 90 95 95 9 90 95 95 925 925 925




1538 AR 27 55 30 55 9 1]

33 REEBEN

BEXT A MRLZE B A5 R0 S B A I 5, i) 7 T R 50 ) 3 455 e S PR 0 R A i DU — 2 B vl A
PASEBRESF g A 1 OC R e B A AR IR AR . Sk rhome b IS BRI X2, AR SO 5
H o R ZEG RS L LB TT A5 G BT TT oK, ek Rk 20 e i s A . 080t
AR s HAS RE e 2 28K

TR 223 7 TR AT BRI X, AN 5 28 SO B 7 TR T R A

y:a+Zbixl-+Zc,-x,.2 )
i=1 i=1

A Sy . TR 5 R

y=a+2bix,-+iic,—jx,»x,— (10)
i=1

i=1 j=1
by WREHT R, a. by, o ¢ R RYG . ) WEEHE S n R
M) 17 T A 7R ) B pREIC N B NV ST R B n IR R N
n+D(m+2)

N=1+C'+C'+C? = 5 (11)
X 2(9) Ak (10) 251Kt
8 n
a—i}. =bi+20,~x,«+ZC,-/-xj (12)
] j=1
W bt (13)
ox;

M A 2302, 528 I Rk 2 R T AR RIS HAE . AR SE 75 % 8 BRI A
ek, WS PR 38 I R AN N REA T

LA AT, FUHE TSI R LA R, X =R ZR (4, A, 1) 500 0 {22 [0] 1 R
B RMATRIA o BEJG, RIT 2250 o A B AT i B A 56 . XA BB BE L5 BRI B
fHNZR 6 in . 5 B2 Pkl A A i) i 20k, SR F-test #F4 74255, F-Statistic {H) 165 915.29, 3
PSR AT SRR . O T DN LA B R RE AR B0 T AR LB, SR R ABDRVEA, R (HZ%5 T
0.9662, 3% F& HH LAY Al R BRE AR A9 L 1 3 53 100%. MEAT, Adj R {5 Pred R (B 25 1
0.07, Vi B S 0 A 4 8 HG 1R 5 B9 W 5P . Adeq Precision [ 7] LA R (5 e LE i A%, FLME - 14.9232,
KT 4, RIAEIRA 7L MES -

#* 6 RSM HHAIZLR
Tab.6 Model results of RSM

SGiHE R GiiHE 2R
F-Statistic 165915.29 R 0.9662
Mean 3.42 Adj R’ 0.9644
C.V. 3.9% Pred R’ 0.8979
PRESS 0.0011 Adeq Precision 14.9232
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Tab.7 Comparison of prediction performance before and after improvement

Dk ZH SHUE Adj R Pred R’ TUE /KN SPRE /KN R %
t 0.6

RSM h 2.5 0.9662 0.9644 50.54 49.6 1.8
/ 92.79
t 0.58

K HERSM h 3.1 0.9704 0.9691 50.34 49.6 1.5
/ 93
4 4 i
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