55

RERATEEET

3% 7= CTBN w4 epoxylglass 43534129 71414 43
e - gole” - Zea’

Mechanical properties of CTBN-modified epoxy/glass
composite with gradient structure
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ABSTRACT

To study the effect of carboxyl-terminated butadiene acrylonitrile copolymer(CTBN) inclusion
and its gradient structure on the mechanical properties of the CTBN-modified epoxy/glass lami-
nate composite, 5-ply laminate composites each having CTBN content levels of 0, 5, 10, 15 and 20
phr(parts per hundred by weight) were fabricated. Also, 5-ply CTBN-modified epoxy/glass lami-
nates were prepared in which each layer was impregnated with 0, 5, 10, 15 and 20 phr of CTBN to
give gradient in CTBN content.

For the case of laminate composites with uniform CTBN content levels, interlaminar shear
strengths decreased with increase of CTBN content. The flexural properties have shown to
decrease with increasing CTBN content level, which can be explained by the decrease in interlami-
nar shear strength and the degrading of the CTBN-modified epoxy resin itself with increasing
CTBN content level. Tensile properties did not show a steady decrease as the flexural properties
did, but the properties were degraded in all cases of CTBN inclusion. Impact property studies have
shown that up to 15 phr of CTBN content, impact energy showed an increase and 15 phr of CTBN
content has proven to be the optimum content level for best performance in impact properties.

The gradient composite showed 50~70% increase in impact energy compared with the laminate
composite prepared with unmodified epoxy while only 30% increase was achieved by the conven-
tional laminate composite with uniform 10 phr CTBN content.

It was concluded that even for the laminate composites having equal content level of CTBN,
giving gradient in CTBN content through the layers also plays an important role in improving the
impact properties, without much degradation of other mechanical properties such as flexural and
tensile properties.
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Fig. 1. Stacking sequences of the S-2 glass / modified epoxy
laminate composite.
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Fig. 2. Interlaminar shear strengths of epoxy/glass laminate
specimens with increasing CTBN content level.
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Fig. 4. Flexural properties of epoxy/glass conventional

Ee G-209] A9 G-00] €& interlaminar shear
strength®] Zho] T4 e Holx|wt U-103) v ws}
Qe w2 zkelt oF 5% CTBNe| AH7is)z) ¢
& AFE(U- 10)44l dlmsled ZAR AJE( G-0, G-20)
& & ol Holx] gevn v & gl

3.3 ZElaly
3 A da #Ygde] WgE s
o} Fig. 40 x] Bole nie} Zo] CTBN &r3o] &
7l whet FY AE 39 Agrr fAR Ao
2 gan Qe Ae % ;lE% =Y e B+,
209

U-202 U-09] ¥jal o 20% 2adtsn, 38 A%
A% o 13% 2asT m @xe CTBN ¥4
epoxy A8 2] A% AFINE Hng uheA,
CTBN ¥4 epoxy A& 2] 4+ ASEPARY

o & rule of mixtureo] ol5 =
2E 3Ag

IAAE AHERE
RS FP4E AstE e

2+ interlaminar shear strength]

2 g
FasE ABAA A £ 4 ok

2 ole] wet F3 A¥Al delami-
nation2} < ko] Ei AAA Hol Fe4gdel Asiz
ojoiAlA "Hrlx £ 4 gith

Fig. 59 G-0, G-20 2 U-109] #3423 E& v qs}t
%t} :ng 2Ee A4, A BdAe G-0L =
o] AZEPAR U-108 A9 2L ge Holm, G-

composites with increasing CTBN content level,

260

250
240 -
230

220 —

K T

l T T T 1
G-0 G-20 U-10

Specimen

Flexural Strength (MPa)

(a) Flexural Strength

1.7

1.6

1.5

1.4

1.3 o

oo L 1

T T T T i

G-0  G-20 U-10
Specimen

(b) Flexural Modulus

Flexural Modulus (GPa)

Fig. 6. Comparison of flexural properties of gradient(G-10, G-
20) composites with conventional laminate composite



60 el - o

GE AR

209 A% G-0ef WishA 1 o] tha AAT U-10
o] Zolx F 3%EAM 1 Aole A FA & &
itk

7Y A5 4% G0z} G20 25 U-1080 %
2.5% o Atk zev o] A¢x= Al 2 A7t gl
T & & gioh oA 2 AAE CTBN ¥4
epoxy/glass AEEgA RS §Y44L U-109 &3
333 A9 2eE & & Yok

QAL FY4RY Ao
o Z7te] et YT 71712 AdEe B4 B

7 Aaetn gle Bad Holx gtk 53] QY
g3 94 Alg 25 CTBNo] #Hzhd Ajge <
2 9 o& Al4=e] gho] unmodifieds] 7St B%
g @A Jehda 98-S ¢ 4 drh

ol AL HIFAH NAA e ARAgE ) F0A
3ol CTBNY A7te} &7 7hasiy] fig Aoz
e 4 gl

ZAAtE CTBN WA epoxy/glass 4 &85 5.2

A4 4R U-109 AAL vxd) 529 A% 78]
79 7AAE CTBN ®A epoxy/glass EEIAE
o} 219 Haolgtn & 4 e U-109] Aoy oF
25%24 2 A7k e & F Utk 9 A4FEY
A% 27loe 71AAZL s 5E woy 1 olF A
ghgolldE 7IAA7 sEEn B A

o5& W] wel A5zt & Aely

WA epoxy/glass A &8s 57} U-09 gholl 77k
RO VRt

3.5 54 o3

CTBN F-feke] S7to we A3E3Age 54
A% A28 Fig. 7l Yehhsich

CTBN9| ghfao] F7ige] et AFETA g
F4A FFHe & F5o09A7E 15 phr CTBN &+
27 YA S des & & Aok 59
U-15 Aje] 79 RIgsA] &8 epoxyd 7|AAlR
AHgsle) A g BYPARU-0)Rt F FoluAzt
%} 43%F7 ete e BEY F UlTh

F FruAE 27) A At quAR e
-] BE, 27) ouAe ASETE At oA
4971 CTBN &% 27l @& ojuvAn Z71E,
18717 o 27 W&l 2 ez F F5du
7ol o 2 9FE nAn YeE ¢ F Utk E
Aoz i Juxe 71AA9 toughnessst F3F
“elo J&g A/ Lerh 53] Yeungd Brout-
mang 7 ouA| e} FHATE Alold] AT FAVL

oY Mx

N

G- R | R
~N

420
400
380 -
360 -
340 A
320
300 -
280 -
260 -

Tensile Strength (MPa)

/r

0 i T 1 T T T T 1
G U-0 U-5U-10U-15U-20

Specimen

(a) Tensile strength

12

11+

10 —

Tensile Modulus (GPa)
0
i

/r

0 T T T T T T 1
G U-0 U-5U-10U-15U-20

Specimen

(b) Tensile Modulus

Fig. 6. Tensile properties of the epoxy/glass laminate composites of gradient and conventional laminate with different CTBN content

level.



TFZ CTBN ¥4 epoxy/glass B&E3A89] 7AR A4 61

B114 B9 19982 BAFE
&g sl e, 98 289 coupling agent®

AH&-3led polyester/E-glass A2 82 inter-
laminar shear strength® #3lA1Z]& o, interlami-
nar shear strenvth7} g oEl An Az}
7 eke A& s Ts].

Short beam shear A|8@¥ ] 2]8F interlaminar
shear strength®] D&M E Hgxe] B AHA
CTBN9 gg#o] =718 42 interlaminar shear
strength gko] &% ZH48lE Ao #3H v ok =
g g A gt CTBN &432 Z7he epoxy
7128 toughness® Z7FAz1ths A5 v glh
wea] B FAAEA Fad CTBN g3 &7}

o g HAZFEYANRY F ﬁ’“"ﬂﬂﬂ 9 st oy

A9l 7= CTBNe &7t FNATEH ] 74
2 epoxy 71X A AAe] toughness ?*”01] 71913 A
o7 B 4 gith

Fig. 714 44| & Fgoixjyt CTBN 4%
15 phr7ixl = 2748 Hollr} 20 phroj A ohA] 24
e A& & F et o= DGEBA epoxy 29
7% CTBN @53 20 phr 24 o)a phase-inver-
siono] Yoy} £x)9] toughnessst Zhasly] w &<l

-~ Total Energy
£\ Initiation Energy
—} Propagation Energy

Energy (J)

U-0 U5 U0 U115 U-20
Specimen

Ac® 48 % UTHEL. Webd 29 tig CTBN
53l A% & 15phrojgkn @ & 9ok 59
W% 37 43¢ 59 o8 89T & ddled 24
NIAE 4 ABE oA w9415 12 Zof
B 34 482 A9 o U-15 489 A 5
WA $A94 BFe] Lold tuiA Amsie 29
A A FANA BF] Dojrith o AU FalA
= CTBN @43 15 phro] 57 40 glojq 24
F9e 249G = YT,

U-03} U-15 A1e] 348804 Qoje tEa

i

} =30] Fig. 8o gt WA U-0¢] 7

3
574% 7Kg W 20lde A48 A%
) 813 ol Fo] Fdo] FAH Padhe
Itk U-15¢] 2% U-0nc} A1) 345
| 9 # # ohizh 2 A5 U03) o}
Al AYAA AFE St A aF
03 viszete e} e s
o

o
f o
o

rir o

N

- B ol

W ENET:

by rﬁlm-‘“rﬂr&
ﬁ_%mﬁ

]

e 2 b w2t e —{o o
ofy
o

kA -51‘1

U-
%‘- 3
% 2] SR el WA E Al 27] oy
Ap 11 o] F e oA E AT A3t ouiA ghE F
M= g & gled U-0 A8 i) U-15 Al
o} A7t 7] oAl tig A oA gre] v)g,
& ductility index(Propagation energy/Initiation
energy) #ol © Athe A& FAME F9E % 3
t}.

Ductility index] CTBN @] w2 H3lz
Fig. 9¢l Yehlgict. «7jelA CTBN Erako] 37}

>£ o
('u

9,
P
)

k2

M

12000

10000

8000

6000

Load {N)

4000

2000

0 2 4 6 8 10 12 14 16 18 20
Displacement (mm)

Fig. 7. Impact properties of epoxy/glass conventional laminate
composites with increasing CTBN content level.

Fig. 8. Change in impact load-displacement curves of conven-
tional laminate composites fabricated with CTBN modi-
fied epoxy resin



62 BEg - ol -

73 Ed

B ARG EE

.65
.60
55 —
.50
45

40 -
.35 -

Ductility Index

0.00 T T i 1
uU-0 U-5 U-10 U-15 U-20

Specimen

Fig. 9. Ductility indices of epoxy/glass laminate specimens with
increasing CTBN content level

&% ductility index gro]l €F8A Frkstn A&
€ HoFn gk &, ofe{dk 9] 1w 7] oy
A 2 Ay ouA]el vlmelA] ductility index ghol
2 U-0 Al AR brittledt $AA%8S B
o]z ductility index gke]l & U-20 AJHE Ao
2 ductiledl 22ASE Bk

7Z21e CTBN ¥4 epoxy/glass A&E8A 8 %
AA 9] ox]7} Fig. 109] Yeht sick G-03 G-20
& 78 CTBN #HZEA RS O phr e} 20
phr ¥&gez AL & AL 44 vehlz ok &
JUAE vjmalEd G-02] A$ U-0d u)d)
- 67.61%, 218131 G-202] A% 51.51%7F E718t9s
2 ¢ 4 Ik 123 U-1037 vjzsks € gz G-0
9] Ao 28.88%, G-208] ALede 16.5%7F =
HEREE BT BEo] dojvhs ek Slof
AZ O ABEL HadE 44 #5c] dolue 1
A G-0 A58 S BFo] 7R dojves BgE
Btk &, o] A Z2 CTBN g#38 713 &
FELARYAHE oju g P22 HEF S dhirto]
w2tA &, gradient®] ko] wepd £74 Aol 2
Fa F & BHoFE Holth

Mallick®} Broutman& 232 =7 X2} brittle
% failure modeE EHoly #©#AAS A=Edxg9
AAcE B2 7 ouyxig ductiledt failure
mode& Holx E-glass 4§ E4ABE &7 o] L3}
o g4 AH Fo] upg Hol X331 glass A4 F
o] Q& X MEHAFZ] AZE hybrid A5

B BE Axsid 488 A3} A2 hybrid 4%
EIEARE 7)1E9 GY-70 84 A4 A2Eggan
ok ok 35ul2 54 o] E e AE Rustgh
olA& GY-70 B4 447 & strain-to-failure S
Zt= iy Eoglass 97 AUB o2 =< strain-to-
failureE 714, £44] GY-70& %L strain-to-fail-
ure2 3] F2 Aol o8 failurert Futz Yol
1} delaminatione] Z3yPH& #1E L strain-to-
failure® zte E-glass fiber7} UsR] 9] stressE A
2330l BIAa AA britledt failured WA st
i progressive failure® %2847 i Aoz 3
253 7).
E AolA A8 CTBN ¥4 epoxy/glass 2%
FgAE G-02 G-20 Ala7t 28 7 CTBN 3+
T Beln U-10 A gRY 49 24 A5 E
olel §A}8 mechanismol] Wl d9e 4
. 11 displacement at max. load& Hoj&
7)ol HZol CTBN &&po] 7845
@] displacement at max. load7} Fr}sle
& 4 gleh oAl gl U-0 Al87F U-20 A
aHE} displacement at max. loadz} 2t} WM &
o] 718142 w 0 phr CTBNE Zre ZoA] 14Y
o] 2 dthyt  #Ho] LojuA Ha 1 o]F|
= displacement at max. load’} ¥ 2 CTBN 3§+
Z%0] Y| stressE £4A7]7 Dok

¥38 olw CTBN #8o] wE stress B4 2
crack g} W27} O phre] ZA9Ro o & Zel2g
ARz U-10 B} dd ZHEE 2 A
2 A9g 4 gleh =8 G-09] A9 G-209] A
E vnstd s dx F4A duAe] glo] ME A
7b & € Ut Sled olEE Aeolm ol e
mechanismol] 2J3] dwe] rhsadlch. A ductility
indexe] ¥wE %A CTBNY &io] E71ed4
5 27] Aol gk At oux]e] vl Fo] B AA
CTBN gg3o] 42 Atdez v ductiledt
failureE 2 Y& Yol gt wtedr] AdlA o2 brit-
tledt failure® Xol¥ 0 phr CTBN g#-& uigko
2% /1€ 9 $19) 49" mechanismo] 23
failureyt dojvt 4 AAo] dAH 1, ductiledt
failure® Holx 20 phr CTBN &3 ¥gozg =

2 7HlE gl brittle failure®} ductile failure
o EReE A3 54 439 F4o) ot 1 27)
£ G09 A$uT Aukn 49T + Uk Fig. 10S

e

rlo

oL
¢

;0
r
=

]

1€
Jr-

¢

Al 3

PRI I S
i
O

o

e

f

1)

o o

o]

s



FE114 B 14919982

ZBAHE P& CTBN ¥4 epoxy/glass HEEFA 29 7147 42 &3

2w G-209) A 27] A7} G-03} 1
23 & Eog Zag w Agt Jux: 2Zo
duiAlel el G-09 A$7F G-20Hch
& mechanisme] g
G-0% G207k AolE ohA] & W Fg) F3 3

Fig. 124141 G-0 € G-20 3 U-10¢] ductility
index& vlmsld el o71olA G-02] ductility index
#ho] A2 AL 27] oAYA7} v A7) YRolx, G-
20¢] ductility index gko] o}-$- & A& G-03 vz,
Z7] A7 43 sty v A9 JquyA e
&E Frelr] wEol)

~{ Total Energy
-~ initiation Energy
~{}~ Propagation Ensrgy

160

140

120 -
100 -
5.

80
60 -

Energy {J)

40
20

G0 G20 U-10
Specimen

Fig. 10. Comparison of impact properties of gradient{G-10, G-
20) and conventional laminate composites
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Fig. 11. Displacement at max. load of laminate composites fab-
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Fig. 12. Comparison of ductility indices of gradient(G-0, G-20)
and conventional(U-10) composites
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