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Abstract : Lightweight materials have been increasingly used of late on the car body structure instead of steel materials. For a
multi-material structure, the researches on a new joining technology to come up with a reliable structure have increased. The most
common joining method is currently the hybrid joining method, which uses a combination of mechanical and adhesive joints to
overcome the peel direction strength problem of adhesive joints. The proper design methodology for a multi-material car body
structure, however, has not been prepared. As such, in this paper, the proper design methodology of hybrid joints for a
multi-material car body structure under the rollover condition is proposed, and a suitable design methodology for part replacement
is suggested.

Key words : Hybrid joint(3}°] B.2] = Z1 E), Multi-material carbody part(T}&2~ 2] XA -3, Adhesive joint(F] 212 =<1
E), Mechanical joint(7] 7|4 2291 E), CFRP(&rAAd 7 743} Z2F2=H)

Nomenclature Subscripts
E : modulus 1 : fiber direction (principal coordinate)
1 : moment of inertia 2 : transverse direction (principal coordinate)
G : shear modulus 3 : out of plane direction (principal coordinate)
v : Poisson’s ratio X : X direction (global coordinate)
t : thickness y . y direction (global coordinate)
F : resultant force (internal load) zZ : z direction (global coordinate)
M : resultant moment (internal load) tangential: tangential direction
N : in-plane force normal : normal direction
U : displacement shear : component of shear direction
R : rotation peel:  component of peel direction
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Fig. 1 Roof crush resistance test (FMVSS No.216a)

Al 26 =y Apgo] AEEHAS A9, &
A5 BEet7] 8l 2 F-A19] 3uf shso] Q171E
&<t Roof7F H ol 5 A2](127 mm) 7hA] 9 §13] = o
gk Al 5 shso] Zhell A Al =, ¥ F-35<1 Roo
Roof cross member, Roof rail, B-p111a SO ol A
25 o) olu] AeE e st 2 AHA FEEe
TZ274 vl Sl uel B4k 7] wlEe] Roof cross
member2] A B O 2 FQIE X 7}af %

5 glrk

el H Ao E FHFEEO E Roof cross
memberE 5 1X](127 mm) “4A] AL A AE w|, %]
ol 4] 2] Internal loadE A4+l ZJAES] -2 Q-

wESc o] e AYAE A Y F ot
(o)

rr ol

s 2

=)
B
=

Ho

M2 o N 2 p2 X N g

N
—_-

%0,
o
t
e
S
I
g
fl
-4 il
oX L
=
BEGd

FE2| sto|=2|= =QIE HA|Ho| 25t A

4. Modeling & Analysis
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Fig. 2 Correlation between the internal loads on the adhesive joint
part and the stiffness of adherends (Model verification case 1)
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o] w A}-g-3F A-Aj2] 242 Table 1, Table 2} £t}
Table 22] CFRP Laminate &73-> Carbon prepreg lamina
(Table 3)& Stacking sequence®l] W2} A4+t Equivalent

laminate =g ©]™, Laminate stacking sequence<= [£45/0];

oJtt.

+ Internal load & é/]é} | -v43ﬂ, XSZ}%“/} ol ;SZ}
19 AAHEAA 4 Resultant moment= MI,
Resultant force S F1, 4 25 JJr 3] 2 29 Z A H o A
AFZ:3) Resultant moment= M2, Resultant force S F2 2 7

gt
Table 1 Material properties (Model verification case 1)
Component Material E (GPa) v Table 4 Analysis result (Model verification case 1)
Adhesive Epoxy 4.99 033 Resultant moment & force Resultant moment & force
calculated at the interface calculated at the interface
Adherend 1 CFRP (Table 2) (Table 2) between adherend! and adhesive | between adherend2 and adhesive
Adherend 2 Steel 209 0.3 Ml 1.ON‘m M 1.0N'm
Fl tangential 5000 N F‘Zlangentia] 5000 N
Table 2 Material property : CFRP Laminate Fliomal 16.7N F2uormal 16.7N

E, Ey E, Vyy Vaz Vyz Gy Gy, Gy,
(GPa) | (GPa) | (GPa) (GPa) | (GPa) | (GPa)

7426 | 1535|1535 0.62 | 032 | 032 | 11.49| 3.8 3.8

Table 3 Material property : CFRP Lamina
E1 (GPa) Ez (GPa) Vi2 Glz (GPa)
103.5 8.3 0.315 3.8

Table 12] Adhesive A2 Liito] Z=3 A=A A|HA
< ASTM D638-14 7+ 2ol we} Lab. Testd+ 2 ¥ gk-s A
23} 31, Steel B4 oA AlFd= a8}
3 t}.” T3l Table 32] CFRP Lamina 2432 NCF UD 2]
52 VA-RTMC 2 Al & slo] 7h= B84 Al H S ASTM
D30399‘r ASTM D3410 2] we} Lab. Test 2 ¥4k

< o833l aL, 53] B #h¥ Ey #h2 1k Akt
AEUF A S Hetshe] ARg-EkAA T

~5001v

Fig. 3 Boundary condition of the single-lap shear joint model
(Model verification case 1)

412 98t A A ZA-E Fig. 33 729] Single-lap shear
jointe] ¥ Z & H(Surface) A= 5 Al W AL,
Uy, UD ot 7 W83 31 ARy, RS 143 L T2 5 2
ol 500 N9] x %3 ab5= H-of gt
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Zpolob= WAIZE 9leS & 4= Utk Fig. 45 Model
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Fig. 4 Analysis result of single-lap shear joint
(Model verification case 1)
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Fig. 5 Correlation between the internal loads on the adhesive joint
part and FE model type (Model verification case 2)

Shell model2] Reference plane “d H.i= Table 59} 217,
Z} Part2] Reference plane®} Normal direction 5= -3/ %]
© 2 23} 5} Fig. 67} 2T

Table 5 Reference plane of shell model (Model verification case 2)

Reference plane Normal direction
Adhesive Middle plane -
Adherend 1 Bottom plane + z direction
Adherend 2 Bottom plane - z direction

Adhesive (Middle plane)  Adherend 2 (Bottom plane)

T Normal direction i /
z
L X Adherend 1 (Bottom plane)

Fig. 6 Reference plane of shell model (Model verification case 2)
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XS 93k A AL Fig. 73 2tk Solid model €]
7d9- Single-lap shear joint2] ¥+ & WH(Surface) A=
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Fig. 7 Boundary condition of the single-lap shear joint model
(Model verification case 2)

Table 6 Analysis result (Model verification case 2)

Resultant moment & force
calculated using shell model

Resultant moment & force
calculated using solid model

Ml 0.8 N'm M 04N-m
Fl tangential 5000 N F‘zlangentia] 5000 N
Flnormal 133N anormal 67 N

Solid model % 343}e] 2F=3F Resultant momentE
M1, Resultant force= F1, Shell model = 314 3} 21=3)
Resultant momentE- M2, Resultant force S 22 7 2] 313}
ow, 14 A¥}= Table 67 2t} Solid model ¥} Shell
modelS ©]-8-5}°] Internal load S A+&3F A¥}-E W s)
H 2 @)~ (6} F2 BAAE DS T Uk

Resultant moment
Ml=2 x M2 4)

Resultant force

F ltangemial = thangential (5)
F 1normal =2x nnormal (6)
Solid model-&- A8+ 73 -9-2} Shell model-&- AH&-3F 7

T A3 A A= Internal load(Resultant
moment, Resultant force) 2F& #ko] ZFo] 7} 9155 elst
= At} o] Solid model 2] 73 -9- ©H 9] Neutral plane<-
7122 Moment”} AlXFE X RE Shell model2]
Reference planes 7]+ 2 % Moment”} Al4HeE 7] w2l
Reference plane®] 9% & oJt] & A 3}=X]ol| w2} 3
Al A7) deb] = Zlojth
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7} ol A Db = 2| & A etr] 918 Fig. 83 ol
7H€] Adherend7} = o] oS wje] @ 19 S FhaL
St} Case 12> 5 Adherend ] Neutral plane 7+ 7127} 2d
2, o474 2}-8-3}+= Moment arm®] 7]+ d ©] 31, Case 2
+ 5§ Adherend®] Neutral plane 7+ A 2] 7} 4d 2, &1 7] 4
ZF-8-3F= Moment arm®] =7]+= 2d ©|t}, wj&-of|, Case 1,
2004 AALE] = Moment= 2] (7), (8) 2t}

™
®)

Momentcae 1y = F+d

Momentcase 2y = F-2d

21 (7), (8)ZF-E] Moment case 2= Moment case 1y2] 28191
AL 3218k 4= 9)a1, o]+= Case 17} Case 2 2] Moment
arm xfole] o] &k A5 o 4= vk g [ BAH
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. 4
= ------------------------------%—»F

Fig. 8 Relationship between moment and position of neutral plane
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Moment”7} AlAF= 7] wl{Fol Reference planeS Middle
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7} vt Al 3z, B4 Moment arm%3 S Resultant moment
7} vl = Aoy T3t o]of W] &3l A Resultant force2]
Normal #J+-<]1 Peel ®3F Resultant force'= &7 1l A
H tHMoment arm¥} #H7] §13= Resultant force2] Tangential
A& niH ] G, wEbA Shell model S AHE-3 7
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A283 AHl7S, 2020

468 S=RAEASEE =R

4.2 Roof Cross Member 22! 4! S

B Ao A= B A& Sandwich T-32(CFRP + Core)
2 A A A% Roof cross member modelS 8313t}
o] 7]3E Steel -5 Hlulsto] &5 o] A3/t
E 7R =S Al Fzolm s o] -2 Fig. 9
o} o}

2 RLEo] FdE-Soll= Cores X313 3200,
QlE F.= CFRP Laminate®} Steel Bracket®t <=4 3},
Roof cross member2] CFRP Laminate 2} Steel joint bracket
2 Shell element®, Roof cross member2] W Core:
Solid element= 22 H3}At} 3143 sl AFE3 A7)
% 3321 & Sandwich 73 (CFRP + Core) <= Fig. 102} 7+

=
a1, Core®} 2rg= M-S 7)% 0 2 CFRP Laminate”} [0, /

=z

o=

+45] 2 255 o] gt} o] w] AR&-%F CFRP Lamina &4
© Table 39|, Bracket®] Steel

3} 7+31, Core

B4

& Table 19 YFEF 2k
E4-2 Table 70| YeR AT

Lower plate

Upper plate

- Sandwich

Height : 12.32mm

100

Fig. 9 Roof cross member model applied sandwich composite
structure

[+45/0/0/0/0/core]s

[£45/0/0/0/0]s

Fig. 10 Stacking sequence of core and CFRP lamina



CHEEAA 24| £32] 5tolH2|= =RIE HHo

Table 7 Material property : Other materials

-

S
er

e

@

Table 8 Internal loads at the joint bracket

A =385 93l Fig. 113 29], ‘Roof cross member
+ Joint bracket’®] 4% # & 7} 14 NodeES 7|22
BAEAS FolRaL, 5 & o2 Al R MU,
Uy, U)ot 7 W& 3 ARy, R)S 1H YT TFE % 2
& U A Q(Uy, Uy) ot 7 B3 3Ry, RS 31K
5 O = 127 mm A WIE Foste] A
= FPsinh i A 212 FA] 37l AR g

1
N

of
oft

Lo K
Y
o
>
offt
_>|~1_"
o
o
o
i
>
N
A
2
=
©
N
ot
o

£
—
Q.
=4
=3
=
o
o)
N
Q
=
i
0
off
20
ol
p—
2
[¢]
8
=N
=)
[
o
i
]
o
ol
o
N

Joint bracket

Reference node 2 N Roof cross member

U,, Uy DOF Fix 2 Reference node 1,

U, Pre-described displacement : -127mm X Uy, Uy, U, DOF Fix

UR,, UR, DOF Fix UR,, UR, DOF Fix
UR,, DOF Free

UR,, DOF Free T
z

Fig. 11 Boundary condition of ‘Roof cross member + Joint bracket’
model

Fig. 12+= FE model 314] =38 ZA3}o]H 4.17dol| 4 A
"3} Shell model®] Internal load A= HWHH el whe} Joint
bracketol] ¥ 3}+= Internal load = 2+&3HH Table 83} 2+

= A3E ds 5 Uk

4.733e404

4314404

Fig. 12 Analysis result of ‘Roof cross member + Joint bracket’

E (GPa) v Resultant moment [Nm] Resultant force [kN]
Core 0.1 0.3 M Rangential Frormal
473 42.47 6.88

4,144 A3t 37} 2Fo] Resultant force2] Tangen-
tial 4332 Shear load, Normal A3 &2 Peel load = & 5= %)
a1, o] ZA] L-& Shear load®} Peel load= Joint A A S
gk 7] gho 2 gg-stk 4= qlo)

5. Hybrid Joint®] 37|

B Lol A A A]EF= Hybrid joint A2 A1 -8 Joint part
of] 1FAJE}= Internal load 5= Shear loadi= Adhesive joint
7}, Peel load+= Mechanical joint”} @33t =5 A A 8=
Aotk o] & F O AAs] Adrg st ofgfof

(D Shear load capability & T- =& %535} =5 Adhesive2]

(o]
Bonding areas 47 gl

@ Peel load capability 2T E& 53 =S Mechanical
joint®] S A4 st}

SEA| 47gol| M= Aps At A= A1E 218 7]
© & “Roof cross member + Joint bracket” 3|4 =3 &
3l| Joint partol] ¥HAYS}i= Internal loadE 4F&E3}SIT) ©
2 A A= Internal loadol| Safety factorS %85},
Joint A SFEE E&3 o St} 473X Internal
loadE AF=317] 913l &4 A2 2pFo]l HMEH A
= Aol gt WAL= Al o =, T FF
2 Joint part7} Aol 1HT 7= Z71 0]t} TS Mecha-
nical jointE 17| %83}, Adhesive:= Shear load7} 7
XS sk B4l A Alo] 7] wii-oll, Safety factori=
AR B e e

2] (11), (12)°114 92 Internal load$} Safety factor 25

Z3rste, Joint part] A A 2 =E 5 Table 99}

oft FiN

—

N

i

2t

Table 9 Design requirement of the joint bracket
Required Fhear 84.94 kN
Required Fieel 13.76 kN

Adhesive joint2] Shear strengthS 15 MPaZ 7} 3},
Mechanical joint (Rivet type) 1709] Peel ®3F Load
capability+= 2.5 kN 91 %5 312f 31, tha-7} -2 Hybrid

aL
Joint part®] FHF A k& A& = ATt
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D Adhesive?] Shear strength”} 15 MPa<l 7-%-, Bondin
gt 2

areat= 5,663 mm’

(2 Mechanical joint (Rivet type)i= 671 ] A}

1. Required strength of adhesive

> 15 MPa

Bracket (Bonding area = 5,663 mm?)
Fshear

2. Required quantity of rivet joint

Roof cross > 6 ea

member
Fig. 13 Final design of hybrid joint
Z2E
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2hell vl ka2 719ke 2 g A A S A9k 513
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ference plane2] ¢ x|l whe} W EV} 2] ALte = &
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