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ABSTRACT

Safety Characteristics in Collision Using CFRP Side
Members with the Different Stacking Conditions

Choi, Young—Min
Advisor : Prof. Yang, In—Young, Ph. D.
Dept. of Mechanical Design Engineering

Graduate School of Chosun University

This study quantitatively analyzed the impact collapse characteristics
and collapse modes with respect to changes in section shapes and
stacking angle changes by fabricating CFRP members with different
section shapes, namely, square, single—hat, and double—hat shapes.
The goal was to obtain design data that can be applied in the
development of optimum lightweight structural members for

automobiles. The conclusions of this study are as follows.

1. The CFRP structural members with the stacking angles of
[-15° /+15° 14 collapsed in the splaying mode, in which energy
absorption occur sowing to longitudinal cracks, laminar bending, and
external expansion. The member with the stacking angle of [90° /0° 14
collapsed owing to transverse cracks in the fragmentation and splaying

mode. Further, the member with the stacking angle of [—45° /+45° 1,4
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collapsed in the splaying/fragmentation mode, which is the combination
of the collapse modes of the members with the stacking angles of
[-15° /+15° ]4 and [90° /O° ]s. When the stacking angle was close to
0° , the collapse occurred in the splaying mode. However, when the
stacking angle was close to 90° , it occurred in the fragmentation
mode.

2. The maximum collapse load, average collapse load, average stress,
absorbed energy, and the absorbed energy per unit mass of the CFRP
member with the square—shaped section had the highest values when
the stacking angle was [90° /0" ]4. These values decreased in the
order of the stacking angles of [90° /0° l4, [—15" /+15° 14,
and[—45° /+45° 14. Inparticular, the absorbed energy per unit mass
was approximately 30% higher for the stacking angle of [90° /0° 14
than that for [—15" /+15° ]4. This was because, during the impact
collapse, the lamination at 90° counter acted the collapse. It is
considered that the absorbed energy and the absorbed energy per unit
mass were comparatively higher owing to the slightly greater debris
dispersion.

3. The impact characteristics of the CFRP member with the
single—hat—shaped section were of the highest quality when the
stacking angle was [—15° /+15° ]4. They degraded in the order and
less excellent in the order of the stacking angles of [90° /0" 14,
[—15° /+15° ]4, and[—45° /+45° ]4. Particularly, the absorbed energy
per unit mass of the CFRP member with the single—hat—shaped
section and stacking angle of [—15° /+15° ]4 was approximately 53%
and 76.7% higher than that of the members with the stacking angles of
[—45° /+45° ]4 and [90° /O° 14, respectively.

_Xi_
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4. The impact characteristics of the CFRP member with the
double—hat—shaped section and stacking angle of [—15° /+15° ]4 were
also of the highest quality. Specifically, the maximum collapse load,
collapse stress, and the absorbed energy per unit mass of the member
with the stacking angle of [—15° /+15° ], were approximately 67.7%,
80%, and 70% higher than the respective characteristics of the
members with the stacking angles of [—45° /+45° ], and [90° /O° ]..
The wvalues of the impact characteristics of the CFRP members with
double—hat—shaped sections and stacking angle of [—45° /+45° ]4 and
[90° /O 14 were similar. This demonstrated that the CFRP member
with the double—hat—shaped section was influenced to a lesser degree
by the stacking angles of 45° ,0° ,and 90° compared to the CFRP
member with the single—hat—shaped section. Therefore, the CFRP
member with the double—hat—shaped section was confirmed to have
the most stable and highest quality impact characteristics.

5. In the case of a squared cross—sectional CFRP members,
interlaminar/ intralaminar cracks of plate members were expanded
outward with the gradual progress and four locations of member edges
were observed to be ripped off. When the fiber breakage was
generated, ripped—off parts were shown in the CFRP members; so it
was confirm that such phenomenon brought lots of impact energy to be
absorbed. In the case of a single cap—shaped members, crush of
‘’ —shaped member was generated and proceeded along the fiber
direction and the fiber breakage was shown at the edges which caused
of almost impact absorbed energy. It was thought the rapidly stress
concentration at the edges with the suddenly changing cross—section

brought fiber breakage and expansion phenomenon of plate bonding

- xil —
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area to be generated in both ‘©=" —shaped members and plate
cross—sectional members.

6. In the case of a single—hat CFRP members, cleave phenomenon to
outward expansion between plate member and the flange locations of
bonding area in ‘&=’ —shaped member was obseved; but such cleave
phenomenon was no shown in double—hat CFRP members. It was
thought that such cleave phenomenon at the flange locations was
generated due to asymmetry curing between ‘=’ —shaped member
and plate members. However, such cleave phenomenon at the flange
locations was not observed due to symmetry curing for double—hat
member. Therefore, a single—hat member could not resist enough
loading because cleave phenomenon occurred between ‘&=’ —shaped
member and plate members; but impact resistance was considered to
be higher because cleave phenomenon occurred between
‘’ —shaped member and plate members was not generated with

increasing number of edges and thickness effect of flange portion.

— xiii —
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Fig. 3 Crushing characteristics of transverse shearing crushing mode
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Fig. 5 Crushing characteristics of lamina bending crushing mode
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Fig. 6 Friction related energy—absorption mechanisms
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Fig. 7 Crushing characteristics of brittle fracturing crushing mode
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Fig. 8 Crushing characteristics of local buckling crushing mode
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Fig. 14 Stacking conditions of CFRP double hat shaped member
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Table 2 Material properties of the CFRP prepreg sheet

Types
Characteristics

Fiber
(Carbon)

Resin
(Epoxy #2500)

Prepreg sheet

Density 1.83x10° [kg/m’] 1.24x10° [kg/m’] -
Poisson's ratio - - 0.3
Young's modulus 240 [GPa] 3.60 [GPa] 132.7 [GPa]
Tensile stress 4.89 [GPa] 0.08 [GPa] 1.85 [GPa]
Breaking elongation 2.1 [%] 3.0 [%] 1.3 [%]
Resin content - - 33 [% Wi]

Photo. 2 Autoclave
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Fig. 16 Impact testing setup for crushing
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Fig. 18 Load—displacement curve of CFRP square shaped section member
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Fig. 19 Load—displacement curve of CFRP square shaped section member,

[—15° /+15° 14 ( Impact Energy 372.4J)

Photo. 3 Shape of collapsed CFRP square shaped section member,
[-15° /+15° 14 ( Impact Energy 372.4J)
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Fig. 20 Load—displacement curve of square shaped section member,

[—45° /+45° 14 ( Impact Energy 372.4J)

Photo. 4 Shape of collapsed CFRP square shaped section member,
[—45° /+45° 14 ( Impact Energy 372.4J)
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Fig. 21 Load—displacement curve of CFRP square shaped section
member,[90° /0° 1, (Impact Energy 372.4])

Photo. 5 Shape of collapse CFRP square shaped section member,
[90° /O0° ]4 (Impact Energy 372.4])
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Fig. 22 Load—displacement curve of CFRP single hat shaped section
member, [+15° /—15" ], (Impact energy 419])

Photo. 6 Shape of collapsed CFRP single hat shaped section member,
[+15° /—15° 14 (Impact energy 4197)
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Fig. 23 Load—displacement curve of CFRP single hat shaped section
member, [+45° /—45° ], (Impact energy 419J])

Photo. 7 Shape of collapsed CFRP single hat shaped section member,
[+45° /—45° 14 (Impact energy 419J)
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Fig. 24 Load—displacement curve of CFRP single hat shaped section
member, [90° /0° ]4, (Impact energy 419J)

Photo. 8 Shape of collapsed CFRP single hat shaped section member,
[90° /0° ]4 (Impact energy 419J)

Collection @ chosun



A 34 olF EXE 9w CFRP #A)

2 HeAM = olF EAE @ CERP Al tiste] F st5s 7hste] SHASA
S AErax FZAqUA 611Jsteld AFZAE [—-15° /+15° 14,
[-45° /+45° 1, 9 [90° /O° 1,& A TH olF EAH
A Aldete] A shE-wg BAL GAFYE sl

Figs. 25 ~ 27 A&« 8ply, d=Z4% [-15° /+15° 14, [—45° /+45° 14
2 [90° /0° 1491

o] FAE © CFRP H-Alef diste] FAGALSY Ay Ao
HMEE YJeR oY, Photos. 9 ~ 119 FZa4AAE £9]

Collection @ chosun



30

Load[KkN]

O0 1I0 2I0 3I0 4I0 5IO 6I0 7I0 8IO 90
Displacement[mm]

Fig. 25 Load—displacement curve of CFRP double hat shaped section member,

[+15° /=15° 14 (Impact energy 611J)

Photo. 9 Shape of collapsed CFRP double hat shaped section member,
[+15° /—=15° 14, (Impact energy 611J)
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Fig. 26 Load—displacement curve of CFRP double hat shaped section
member, [+45° /—45° ],, (Impact energy 611J)

Photo. 10 Shape of collapsed CFRP double hat shaped section member,
[+45° /—45° 14 (Impact energy 611J)
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Fig. 27 Load—displacement curve of CFRP double hat shaped section
member, [90° /0° ]4, (Impact energy 611J)

Photo. 11 Shape of collapsed CFRP double hat shaped section member,
[90° /O0° ]4 (Impact energy 611J))
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Fig. 28 Relationship between fiber orientation angle of CFRP and maximum
collapse load for CFRP square shaped section member
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Fig. 29 Relationship between fiber orientation angle of CFRP and mean
collapse load for CFRP square shaped section member
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Fig. 31 Relationship between fiber orientation angle of CFRP and absorbed
energy for CFRP square shaped section member (Impact Energy 372.4J)
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Fig. 32 Relationship between fiber orientation angle of CFRP and absorbed
energy per unit mass for CFRP square shaped section member

(Impact Energy 372.4])
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Table 3. Impact collapse test results for CFRP square shaped section

member according to fiber orientation angle of CFRP(£ = 372.4])

Fiber orient— | Puax P O m E, Er Em
ation angel [kN] [kN] [Mpal [J] [J] [kJ/kg]

[—15° /+15° 14| 8.92 3.50 28.23 321.91 | 417.95 22.9

[—45° /+45° 14| 7.77 3.31 26.69 312.14 | 348.55 20.8
[90° /0° 14 10.40| 3.67 32.65 374.64 427.0 29.78

Table 4. Impact characteristics for CFRP square shaped section member

according to fiber orientation angle of CFRP(£ = 372.4])

Collection @ chosun

Fiber orientation angle
Impact characteristics
[—15° /+15° 14| [-45" /+45" 14| [90° /O° 4
Prax [kN] 0.857 0.747 1
Pn [kN] 0.954 0.902 1
om [Mpal 0.865 0.817 1
E, [J] 0.857 0.833 1
En [kJ/kgl 0.769 0.698 1
— 56 —
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Fig. 34 Relationship between fiber orientation angle of CFRP and mean
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Fig. 36 Relationship between fiber orientation angle of CFRP and absorbed
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Table b.

Impact collapse test results for CFRP single hat shaped section

member according to fiber orientation angle of CFRP(EZ = 419))

Fiber orient— | Py P Om E, £ Em
ation angel [kN] [kN] [Mpal [J] [J] [kJ/kg]

[-15° /+15° J4| 26.85 | 11.32 57.28 416.66 |1220.36 41.84

[—45° /+45° ]4] 15.85 8.01 40.53 406.21 | 767.29 27.30
[90° /0" 14 9.87 6.01 30.41 401.63 | 694.35 23.67
Table 6. Impact characteristics for CFRP single hat shaped section

member according to fiber orientation angle of CFRP(Z = 419)J)

Fiber orientation angle
Impact characteristics
[—15° /+15° 14| [—45° /+45° 14| [90° /O° 14
Pray [kN] 1 0.590 0.368
P, [kN] 1 0.707 0.531
om [Mpal 1 0.707 0.531
£, ] 1 0.975 0.964
E, [kJ/kgl 1 0.652 0.566
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Fig. 38 Relationship between fiber orientation angle of CFRP and maximum
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Table 7.

Impact collapse test results for CFRP double hat shaped section

member according to fiber orientation angle of CFRP(Z = 611)J)

Fiber orient— | Py P T m E, £ En
ation angel [kN] [kN] [Mpal [J] [J] [kJ/kg]

[—15° /+15° ]4] 30.52 | 22.44 113.54 | 598.31 |2618.56 92.04

[—45" /+45° 14 18.20 | 12.62 63.85 581.28 |1511.59 54.53
[90° /0° 14 18.14 12.49 63.19 588.81 | 1480.89 52.51

Table 8. Impact characteristics for CFRP double hat shaped section
member according to fiber orientation angle of CFRP(Z = 611J)

Fiber orientation angle
Impact characteristics
[—15° /+15° J4 | [-45° /+45° 14| [90° /O° 14
Prax [kN] 1 0.596 0.594
P [kN] 1 0.562 0.556
om [Mpal 1 0.562 0.556
E, [J] 1 0.972 0.984
En [kJ/kgl 1 0.592 0.571
- 67 —
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Photo. 12 Shape of collapsed CFRP square shaped section member,
[-15° /+15° 14 (Impact Energy 372.4])

Photo. 13 Shape of collapsed CFRP square shaped section member,
[—45° /4+45° 1, (Impact Energy 372.4))
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Photo. 14 Shape of collapsed CFRP square shaped section
member,[90° /0° 1, (Impact Energy 372.4J])
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Photo. 15 Shape of collapsed CFRP single hat shaped section member,
[+15° /—15° 14 (Impact Energy 419J)

Photo. 16 Shape of collapsed CFRP single hat shaped section member,
[+45° /—45° ]4 (Impact energy 419J))
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Photo. 17 Shape of collapsed CFRP single hat shaped section member,
[90° /O° 14 (Impact energy 4197J)
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Photo. 18 Shape of collapsed CFRP double hat shaped section member,
[+15° /=15 ]4 (Impact energy 611J)

Photo. 19 Shape of collapsed CFRP double hat shaped section member,
[+45° /—45° 14 (Impact energy 611J))
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Photo. 20 Shape of collapsed CFRP double hat shaped section member,
[90° /O° 14 (Impact energy 6117J)
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Table 9. Fracture pattern for CFRP members according to fiber orientation

angle of CFRP
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