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ABSTRACT

A Study on the Penetration Characteristics of

Carbon Fiber Reinforced Composite Laminated Shells

By Cho, Young-Jea
Advisor : Prof. Yang, In-Young, Ph. D.
Dept of Mechanical Design Engineering

Graduate School of Chosun University

Carbon fiber reinforced plastics, among the advanced composite material
watched with keen interests today, is widely used as structural components
requiring light weight property because of its high specific strength as well
as high specific rigidity. However, this material has a drawback of
weakness against a transverse impact loading acting toward the direction of
its stacked thickness, which requires different design parameters other than
those used for general metal products in actual application. Therefore, to
utilize a laminated composite material for structural component, impact
behaviors, damage analysis and penetration characteristics against transverse
impact loading must be studied essentially in the first place, and impact
and penetration experiments for laminated composite material shell curved

to actual body shape of the structural component must be conducted in



advance to any others. In connection with this point of view, this study
utilized specimen of laminated composite material shell having certain
radius of curvature considering actual structural component made of
laminated CFRP composite material. Radii of curvature generally found in
aircraft wings were adopted for the specimens; i.e. 100mm., 150 mm., 200
mm. and oorespectively. Specimens were prepared in autoclave after
undergoing vacuum pack forming process on lamination stacked in proper
sequences. They were, then, cut into a size of 100 x 140 mm by precision
automatic cutter fitted with diamond wheel. Penetration experiment was
conducted by measuring time of penetration of steel ball between two (2)
points where ballistic-screen sensors were attached on front and reverse side
of the specimen with the air gun under air pressure that is adjusted by the
pressure gauge attached to. Critical penetration energy was found by
measuring kinetic energies of the steel ball before and after the penetration.
In order to identify crack pattern and penetration mode generated inside the
specimen after the experimental penetration, this study used digitalized
optical microscope. Through this study, therefore, penetration characteristics
by changes in number of layers, by different stacking sequences as well as

penetration mode against inclined impact have been observed.
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Table 1 Specimen definition

5 Stacking Ply Interface Curvature
pec. sequence no. no. radius
A [02/90,)s 8 2
RU, R=c0
C [02/904]s 12 2 RIS, R=150mm
R10, R=100mm
D [02/903/0]s 12 4
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(a) for flat plate

(b) for curved shell

Fig. 3 Circular clamping fixtures



of Z+ AgHe dgd #EAFE PstAnt. Table 2(a)e 12Ply
D54 Ui 438 ZHzpolm Table 2(b) 8 Ply 2% Aol

2 Ao duzleln B F74 F9 oux|elth E.&
29 A FF AUAE guisit = 2 AT E ¢

o BEEAS AR geblgE wn BE A LEAUAE

x-%ol, 85 F FUAE y-Fol dehin, 43 7Bay

(linear curve fitting)S &3t 2+ A|gHe #AFo HAst HA
AR A dARFAIGAE F3LF ). Figs. 4~70 2 AlA I}

AAYE Zte Sply AlEHY #F A - F9 FFAYAE, Figs.
8~11 o 12ply A@He #F AF LFAUAE Yellh
Figs. 4~11 oA x-Z72 @<= ZF A1¥8H dA

L} T, Figs. 4~11& AR H, HAd J AgdH 25
Fdola7t B2 [05/90s]s ¢ [0/903/01s Al@AS] AARZA v
217F [0/901s €} [0/90»/0)s A1 EH Roh o EA Yepgd. 1 o]
e, BEA AFEAY AR A2 AZEA T HF

TAol A olr) wE o)t}

—

_13_



wiy
Hr

)
BN

ﬂ”
B
el

AUAE FEohe

=
5

deformation)®l 2] 3}

ol
pl
B

)
K

oj

(in-plane deformation) &

AW, 2 A3 F

2
5

.

e

Nlo

W
Hr

ol

;oo
—r—

o
)

(o]

7
)

A A B ol A

_Z_O

A
b

tL F7tskA "o

T
-

_14_



Table 2 Penetration result of composite laminated shell
with various curvature

(a) 8ply
. Pressure Ei E2 E. .

Specimen [bar] 0l m 01 Penetration

3 14.39 4.322 10.068 (e]

4 19.307 9.076 10.231 o

RU 5 22.904 12.433 10471 (¢]

6 27973 14.948 13.025 (¢]

7 31.163 17.541 13622 O

3 14.693 4677 10.016 o

4 18.49 7.385 11.105 o

R20 ) 21.852 9.283 12.569 o

6 26.902 14.948 11.954 e}

A 7 29.503 18.294 11.209 [¢]

3 13.992 3.803 10.189 [e]

4 19.008 7.385 11.713 0

R15 5 21.852 10.187 11.665 o

6 27973 16.167 11.806 e}

7 29.503 17541 11.962 O

3 13.992 2.0 11.893 o}

4 19.098 7.002 12.09% o

RI10 5 22.904 9.008 13.896 o

6 26.558 15.093 11.465 O

7 29.503 16.33 13.173 [¢]

3 13.863 1578 9.285 o

El 17.725 8.253 9472 o

RU 5 22.108 12.018 10.09 o

6 25.567 15.819 9.718 (e]

7 27.973 18.24 9.679 Q

3 13.863 3.374 10489 o

4 17.511 7.002 10.539 o]

R20 5 21.852 10.866 10.986 e]

6 25.249 13.863 11.386 o]

7 29.503 17541 11.962 o]

B 3 - - - x

] 17.541 7.801 9.74 o

RIS 5 21.11 11.231 9.879 o

6 25.249 14949 10.3 o

7 27.973 18.294 9.679 @)

3 - - - x

9 17.541 6.359 11.182 ¢]

R10 5 21.852 9.872 11.98 o

6 24.033 13.863 10.17 o]

7 29.905 18.294 11.611 [¢]
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(b) 12ply

Specimen Pressure Er Ez E, Penetration
> [bar] [J [J ]
3 14.39 4322 10.068 O
4 19.307 9.076 10.231 O
RU 5 22.904 12.433 10.471 e]
6 27973 14.948 13.025 (@]
7 31.163 17.541 13.622 O
3 14.693 4.677 10.016 @]
4 18.49 738 11.105 @]
R20 5 21.852 . 9.283 12.569 O
6 26.902 14.948 11.954 e}
7 29.503 18.294 11.209 O
c 3 13.992 3.803 10.189 o
4 19.098 7.385 11.713 (o]
R15 5 21.852 10.187 11.665 0]
6 27973 16.167 11.806 O
7 29503 17.541 11.962 O
3 13.992 2.094 11.898 e}
4 19.098 7.002 12.096 e}
R10 5 229504 9.008 13.896 ¢}
6 26.558 15.093 11.465 e}
7 29.503 16.33 13.173 ¢]
3 13.863 4.578 9.285 e}
4 17.725 8.253 9.472 e}
RU 5 22.108 12.018 10.09 e}
6 25.567 15.849 9.718 o]
7 27973 18.294 9.679 O
3 13.863 3.374 10.489 Q
4 17.541 - 7.002 10.539 (o]
R20 5 21.852 10.866 10.986 Q
6 25.249 13.863 11.386 [e)
7 29.503 17.541 11.962 C
D 3 = ~ — N
4 17511 7.801 974 @]
R15 5 21.11 11.231 9.879 @)
6 25.219 14.949 10.3 e}
7 27973 18.294 9.679 [¢]
3 - - - x
4 17.541 6.359 11.182 O
R10 5 21.852 9.872 11.98 o
6 24.033 13.863 1017 [e]
7 29905 18.294 11.611 (e}
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Fig. 4 Prediction of critical penetration energy,
8ply flat-plate specimen
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Table 3 Specimen definition

Spec Stacking Ply Interface’ Curvature
ec. ’
P sequence no. no. Radius
C [03/90s]s 12 2
D [02/905/0]s 12 4 RU, R=co
E [905/90:] 2 2 20, R=200
VIS ! RI5, R=150
F [902/05/901s 12 4 RR10, R=100
G [+453/-453)s 12 2
0 90"
90° 0
0 90°
(a) [03/905)s (b) [905/90s]s

(c)[+453/-453]s

Fig. 18 Schematic of a stacking sequence

_33_




3-2 As s mE A5

A% Wsto] We CFRP 4240 HEENL Folur] 939
=7 Hx9 WgE Fo] Z} A|gH Ui AEHHES P5A).
Figs. 19~22%& x%d #AF A 59 A (kinetic energy before

penetration) &, y5o #& $ *FoluA(kinetic energy after

penetration)E YEFWon M3 7H 3 € (liner curve fitting)&

FA] BEe "ed A SF5AUXU LAREANIAE 9n
gl Fig. 195 FEWH o] o9l FAAFH Ay Avtely, Fig.
20& FEWA 200mm, Fig. 212 FE¥H4 150mm, Fig. 22 3§
HE7 100mm Al@ e Al g A o))

Figs 19~22°14 AR ¥ & F3 Aojzl x HS A BS
WA Z B3 ZF FE upZ JAREA YRS Fig 239 Jetwoh
Figs. 19~228 d9rd, dutzxoz 2A4WS zt= Co E A ¥H
o] 4ANE 2= D9 F AgHEY tha 22 JAREGUAS
Bk 2 olfr& 7€ HB =H(H LT3 ol AEH

Azol AvFrt AEE4E T4 A 33 A (bending stiffness

o] ARl weh(F, TEUA o] ool weh) AP Ho



3
ol
-4
BN

o]

g 2 ANFEI} 37} S E
8ol Aol weh Fol o FFUA e WSl (in-plan

a7 WEez ARHH
gol ARl uet o F7tet g

)
ol
=
lo
b
aQ
-
[o¥]
o
.
i3
s
k=
ro
A

Apz

_35_



N
o

e C:[0,/90,] and E : [90,/0,]
4 D:[0/900], and F : [90,/0 /90]

S

-
(5]

-
o

[44]
T

Kinetic energy after penetration [Joule]

1 i 1
15 20 25 30
Kinetic energy before penetration [Joule}

e
o

Fig. 19 Prediction of critical penetration energy, flat—plate

20
oy * C:([0,/90,]
: .
3 © E:{90,0,]
c 15| 4 D:[0,/90,/0]
O
2 £ F :[90,/0,/90]
b
[}
f =4
g 10}
B
Q
e
<
>
f=2]
& S5t
o
-]
L
-t
Qo
£
¥ 0l g9
10 15 20 25 30

Kinetic energy before penetration [Joule]

Fig. 20 Prediction of critical penetration energy, R=200

_36_



20

C: [0,/90,),
E : [90,/0,];

D : [0,/90,/0],
F : [90,/0,/90],

o
T
> > o e

Kinetic energy after penetration [Joule]

10 15 20 25 30
Kinetic energy before penetration [Joule]

Fig. 21 Prediction of critical penetration energy, R=150

20
= e C:[0/90],
: -
3 o E:[90,0,],
‘= 1s|| 4 D:[0,90,/0]
(=]
2 £ F:[90,/0,/90],
it
[
o
8 10t
L
QO
£
33
o>
o
& S5F
[ =
[}
L
-
[}
£ et
¥ o oo
10 "5 ¥ 20 25 30

Kinetic energy before penetration [Joule]

Fig. 22 Prediction of critical penetration energy, R=100

_37_



N
-

C:[0,/90],
D: [90,/0,]

E : [0,/90,/0],
F : [90,/0,/90],

_-
s+
T

> > o @

M L \ 3

0.000 0.002 0.004 0.006 0.008 0.010

Critical Penetration Energy, E., [oule]

Curvature [m’]

Fig. 23 Relation between curvature and critical energy of

specilmens

_38_



Ko

e WHE Fol 7 A

2

L
—

Foju Fig. 25

Z &7 200mm, Fig. 262 FEWA 150mm, Fig. 27& &%

CEEDEY
Ann@ #9527

90° AlgHEE ABFTAAXTL

1

Ul

9,'

B/

70

100mm A

ﬁo]

]

o] 0°2d C A&

s

S
=

Figs. 24~27

o
=

3 g Yoz v

)

el

wr
o

=4

X

fite)

4

o}
;OO
Be

o

!

A BT} 90°=

e

=5, 0°2 A3E dolort T4 $AA

=
)

;g

w

K
ol

~
;OO

o] 90°

i)

b

3)
=]

1 C, E A

BAt ol

=
=

o %)

AxF ) ARF7E 90°= HFEHUAL

2 7] uwlFolv], [+453/-453])s Al

X
)

ol
B

e
1o
)

ol
A

&
=]

z‘sok

s

urh 3

il

2

WN°plyE WEstx YE [0/90s)s¢t [903/0s)s A1 &

2 e AABE ]

Jerithn Aldt,

=
=

—
o

7_:]l

o

Fig. 289 YEWt}. x5S

=
=

ABE AN A

o #§& ztA H

g 27 ojgth gt B AFolAE ol

B

A39_



Figs. 24~279] AXB ¥ S T3y I AdABEFAIAE y=9)

e

A

oy
%00
O
)}

—_—

)

ARFAA = AgH ez F71

o)
=]

=
0
o
T

i)

ToR

=K

2=
~
=2

™

L=)

of Wl dAB/FTAIA o A JdEst

1

& 2
Ty

SR

A =

o] 57}

g3 AR

3k

Felld s S7t

o

a2 A3 w2t 4A

3l

_40_



20

)

C :0,/90,]
a  E:[90,/0,]
15 | G: [+453/-453]

-

S

10

Kinetic energy after penetration [Joule]

1 { It
10 15 20 25 30
Kinetic energy before penetration [Joule]

Fig. 24 Prediction of critical penetration energy, R=U

20

(-]

A:[0,/90,]
A C:[90,00,}
E : [+45/-45 ), . S

-

15(

10+

Kinetic energy after penetration [Joule]

10 15 20 25 30
Kinetic energy before penetration [Joule]

Fig. 25 Prediction of critical penetration energy, R=200

_41_



[ 8]
o

© C:[0,/90,] :
A E:[90,/0,] : A
G:[+45/-45) |... :

-
o
T
-

-
o
T

4]
)

Kinetic energy after penetration [Joule]

(=}

15 20 25 30
Kinetic energy before penetration [Joule]

-
o

Fig. 26 Prediction of critical penetration energy, R=150

N
(=]

© C:[0,90,]
A E:[90,40,],
Ll o G:p+as545 |

-
(2]

[44]
L

Kinetic energy after penetration [Joule]
=

<

_ 15 20 25 30
Kinetic energy before penetration [Joule]

-
(=]

Fig. 27 Prediction of critical penetration energy, R=100

_42_



21

o C:[0,/90,] |
A E : [903/0315 e Pt é ‘/\
| o G545, e

15

12 oo

0.000 0.002 0.004 0.006 0.008 0.010

Critical Penetration Energy, E__ [Joule]

Curvature [m™']

Fig. 28 Relation between curvature and critical energy of

specimens

_43_.



34 HARE

EE e ~
NN .W_uo ﬁg T T
M pp ™ TREW S ﬂ ™ m
D)) q = o meooMe
R H < Al kol - E N o ©
i K a2 Wi do W o & o W :
Mﬂ%&ﬂ S D Y s TE T W
aargzooo_:_@am WOk %ﬁ,woﬂﬂ
o K o ' X = Lome o 2 N — T .=
= o oo = M % ‘vIA NSO A= M._ T N
po_ﬁf}%_mﬁ STE zELEEd
A= N o pas! o g S » B X oy o« W m_-e M‘_ B ™
L N B T T R T = .5 of B o B o W ) &R
@) o < 8 E B X = B E T o T )
P B oo = E = T 5 A o < T
1 A N o 0 BTy No ~ bors - — =r m C NO
AL o = o A 5 B e
= o o wxu o Ewa ‘Ur. w J oo - EE _j o* | N
(- ) 77Hd%$ o
= o _Wo T 14 Hr oy - __ op = ~ ) o)) Y T
o 9 = e N S N o N T
nwoe v < Mo w > ® E WO W E
0oL 8 5 o & < 5 X = ® A g B OB
X 3 T TG 3 N m S N
AR 7 oy A T 1% B o os = —_ o = <
@ I - owK o & o & o =
B~ o N E UL.H Eo ‘W.._ _x—o < R
= B @ ) - E & o 70 O o o £
- = MoK B N - = =~ M B R o) %
K oy < oy 2 G © H/ﬂu oy o B 5 S iy
SO E NS SIS ES
-~ oF —~ ™~ ‘mu —_ < E_L < ) mu N R B ] ~
7_1 ) ) ‘I\ﬁ' < .ml be] = J&ﬂ — Of .&U — N =)
Mo = do T B w-,_ g W qm,.ﬂ X G 4 < m._ o
g o5 °© X Z - NG g o mm < = b DB (L _z/_m =
T oo o =R w5 xR BN T8 m
A e Wz S 5 . X 5 K = 3 3 %
= A S e w B 2o g moW R T 9
e " o = o 5 T o= R o0N 8
e W 5 5 5 W -z - ¥ W <
) = W #F fo = =
G N N D
NI T ot T O
7OW O T W
o ~Zﬁo

- 44 -

AA



C-specimen, R15

Laminar fracture &
interiaminar crack

Interiaminar \
crack

Fig. 29 Section area of C specimen, [03/90s]s

E-specimen, R15
Laminar fracture &
interiaminar crack

Fig. 30 Section area of E specimen, [905/05]s
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Fig. 32 Lamina penetration mode



3-5b 4%

1. Aol e BEEYE Avnd ANt 4e csh EAYH)
PABFNIAE ARSI} B Do} FAEHRT 71 el
T olf AWATF 45 CFRP 434 34 A FU2A0

ARG B CFRP A&4le] F924¢0 ula) Wil vpehde

oE AEH Bo b we dABEuAE Rad o
£ BEAY ARF A AR 9002 A3AAL A ¥

< FEAFHE 7N Aok 2y [+45y/-45]s AP

450 vz 7€z Jemz 90plys uWEIR Y
[02/90s]s ¢+ [905/0s)s N BHETY F B THsTA] v

YABFAIAE BAT

3. E3H [03/90s]sA1 8 H o] [905/0s)s BT =& dAAZdHAES
B, ol& HIFd FAlA dst S4HoE Zd-E dds

Hol AujHoln 9oz AZH zolojrt Aol HAFAL

4. FEAsto] UhE BESAHS AMRW TFo| 37 & 55
GABFAIAE AFHoz Fhsls AFe B o



o] Z7tebA =T,
N7} o ol

A

LD

F71 W&ol

3

Q9

o

Ul

o=y

5 A Ao

Zt=7t 0°d C A

=
o

9 9]

o %
W) ARl H91F e} 900 E A

A

JJJ
b

~K
F
m‘_
~

F 0°21 D Aldse Al ®iA Aol

z}

<l @A AN 7t

d

IF

F90°9)l F A%
Bolg mrk

i

_48_



U

i

o
e

M
X

A 4% A

%4 A 9878 Asel )

CFRP=

=
_Z_O

Eigad

o

2 A #

A
A

)

Tl = BAHY,

=

o

2 e A

~
N

~
Ao

o
el
Ko

bob, whebA

[

=

mo

4!

o] B4 £ AHForeign Object

s

z70] o

A
ales

9
Damage: FOD)& w2 4% CFRP H&Ae A}

dl

Z

o
=

|

Eol:O

%

Hr
=K

‘umo

wir

=3

ol
=
o
jze)
wir
1o
ol

o

wslel) o

B

o|J
B
o3

ol

el

_2_0
%

oF
paul

B
o

AFlA AEE A

IRoem C, D AAAS 12ply 243 4AHo 2

= =
5%

Sply =

g}, =3 CFRP

5

_EO

™~
Mo
0

—
file)

=100 ¢!

%+ R

D

d

_49_



49}

Uehyl

Table 4 Specimen definition

S Stacking Ply Interface Curvature
ec.
P Sequence no. no. radius
RU, (R=o0)
A [02/9021s 8 2 ’
VIS R10, (R=100mm)
C [03/903]5 12 2 RU, R=c0
D [02/90/01s 12 4 RU, R=c0
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Fig. 33 The penetration experiment under oblique impact
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Table 5 Penetration fesult of composite laminated shell

with various curvature, R=o0

A-Specimen, [02/90:]s

slope angle Pressure El E2 Ec.p.

5 22.904 12.433

0 6 27973 14.948 2.690
7 31.163 17.541
5 20.041 10.907

10 6 23.238 12615 4543
7 24.476 14.175
5 19.121 10.179

20 6 22.092 12615 5.935
7 25.815 15.380
5 17.656 7.663

30 6 20.041 11.300 10.362
7 24.476 15.380
5 16.710 5824

40 6 23.238 12.152 11.172
7 24.476 14.175




Table 6 Penetration result of composite laminated shell

with various curvature, R=100

A-Specimen, [0:/90:]s

slope angle Pressure El E2 Ec.p.

5 19.121 79.008

0 6 26.558 15.093 6.520
7 29.503 16.330
5 18.262 8.135

10 6 22.371 9.843 7.736
7 25.815 14.175
5 18.262 7.231

20 6 22092 9.843 9.748
7 26.167 13.758
5 19.121 7.433

30 6 22.092 10.907 11.305
7 27.267 15.38
5 19.121 5.143

40 6 21.029 8.928 15.613
7 24.476 13.624
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Fig. 34 The penetration experiment trend on the curvature
radius change of laminated shells, flat-plate
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Fig. 35 The penetration experiment trend on the curvature
radius change of laminated shells, R=100
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Table. 8 Penetration result of composite laminated shell

with various curvature, 4-interface

{02/903/0]
slope angle Pressure El E2 AE
0 7 25.812 11.710 14.102
10 7 26.167 11.300 14.867
20 7 25.815 9523 16.292
30 7 26.167 7.663 18.504
40 7 28.823 8.387 20.436
24 _ :
A C:[0/90],
4  D:[0,/90,/0], ‘/'

g

3

5

2 A

2 A

£ 2 |

3 y

o

12 '
0 10 20 30 40 50

Oblique angle [degree]

Fig. 37 The penetration experiment trend on the curvature
stacking sequence of laminated shells, R=100
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Fig. 39 Cross section of flat-plate specimen with

2 interfaces

Fig. 40 Cross section of flat-plate specimen with
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