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: The conventional fiber composite laminate is formed by

carbon fiber prepreg (resin impregnated fiber) laminating.
There is an “interface “ between the layers of the fibers
and the resin because of the difference in properties
between the layers. Therefore, how to improve the interface
between the fiber and the resin is an important research.
In this study, a graphene nanoplatelets (GNPs) was used to
reinforce epoxy composite and epoxy/carbon fiber composite
laminates (CFRP) to expect forming a “bridge “ in the
interface between the fibers and the resin, this way can
reduce the delamination behavior of composite laminates due
to stress concentration in the interface of layers.

The experimental results showed that the mechanical and
thermal properties of GNPs/epoxy nanocomposites and
GNPs/epoxy/carbon fiber composite laminates have optimal
characteristics with reinforcement through GNPs addition;
furthermore, the fracture toughness (G1C), and interlaminar
shear strength (ILSS) were all improved. Based on the
experimental results, adding the GNPs to the epoxy resin
and epoxy/carbon fiber composite laminates provides a
considerable thermally conductivity improvement.

The research results will be applied to lightweight carbon
fiber composite products, such as bicycles, aviation
components and to maintain its excellent structural
strength.

: Graphene nanoplatelets (GNPs), Epoxy/carbon fiber composite

laminates (CFRP), Mechanical and thermal properties.
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Abstract

The conventional fiber composite laminate is formed by carbon fiber prepreg (resin
impregnated fiber) laminating. There is an "interface™ between the layers of the fibers and
the resin because of the difference in properties between the layers. Therefore, how to
improve the interface between the fiber and the resin is an important research. In this study,
a graphene nanoplatelets (GNPs) was used to reinforce epoxy composite and epoxy/carbon
fiber composite laminates (CFRP) to expect forming a "bridge" in the interface between the
fibers and the resin, this way can reduce the delamination behavior of composite laminates
due to stress concentration in the interface of layers.

The experimental results showed that the mechanical and thermal properties of GNPs/epoxy
nanocomposites and GNPs/epoxy/carbon fiber composite laminates have optimal
characteristics with reinforcement through GNPs addition; furthermore, the fracture
toughness (Gic), and interlaminar shear strength (ILSS) were all improved. Based on the
experimental results, adding the GNPs to the epoxy resin and epoxy/carbon fiber composite
laminates provides a considerable thermally conductivity improvement.

The research results will be applied to lightweight carbon fiber composite products, such as

bicycles, aviation components and to maintain its excellent structural strength.

Keywords: Graphene nanoplatelets (GNPs), Epoxy/carbon fiber composite laminates

(CFRP), Mechanical and thermal properties.
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Organic-Inorganic Hybrid Polymers

Inorganic Elements
Organic Inorganic Compounds
Polymers Inorganlc. Materials
Metal Oxides

Metal Complexes
Metal Nano-Clusters

&l 3 ~ Design of organic.inorganic hybrid nanocomposite
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Reinforcement Nano-composite

0D/3D Nanopowders
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1D Nanow ire, Nanotube

2D Nano-Layer

] 5 ~ Configuration of hybrid nanocomposite

—> 4§ 2 48 Au, Pt, Pd

—p LR 2 F k48 CdS, ZnS,

EXS R o

f»_ %; it —ﬁ' i'I:TiOQ, A|203 ......

L g8 TiO,, ZnO, SnO,, NiO...
& 3‘; ; (i «f”' SIOZ, A|203
Carbide & Nitride: SiN, SiC....

\ 4

EREOE L E

R RSt N
P SRR T T
Protein, Nanotube, Plastic, Dendrimer...

] 6 ~ Tyical types of major nanomaterials for hybdirdconposites

Guth£2 Halpin4 %] 3% J 3P B BOR % 8 MAF s 2%k 22 & T 3R A s H H A < 5k

R

7
~ &

E =Ey(1+0.67f0+ 1.62f%¢?

(1+2f0)
1-9)

E == EO
E : A58 15 42 1 5 WoB(NIm2) -
EO: R+t 1§ % Holie(N/m2) -
frgmmE .
0 SR A
e R TR SR a7 A SR S SNV T o 1 SR IS - R B s VA F M AP £ Sl o M e

P o § oo B R K S AR A F R AR KA E AP Y £ & gnRAEL - o 5

PER A BA AT RIS AR PR R R B [ A AL ik o F o § )
EWE LR c G ENREIER LR DL % o

2 RMHA SR ¥ AR
A RMA & M PR TN 2 B
Rafiee & 4 ﬁ'ﬁ%ﬁ it > § graphene platelet (GPL) ~ SWCNTs 2 2 MWCNTSs % 47 53 47 423

% 3 #75(Epoxy)® v #F FA4F & #1429 ~ fi-#ic(Young’s modulus) ~ $ui 3 /& (tensile strength) -
BB s B B W gk > B ARSI RT A o Bl 7(a) s B IRF B ~ GPL - SWCNT
% MWCNT/Epoxy AF & 2 frudnsg Avr ) o ART 0 4o 0.1 Widosndd 5 H11 0 Th ¥ Af7q AL

Y

P¥ > GPL/Epoxy 7§ & HHi et 5 & 800 7 40 SWONT ~ MWONT 82 83 § gt 45 % 5% > 3 5



78 MPa > % >t 7k § #2055 MPa > § 40%:hk 2 sk o Bl T(D)*7T 5 F Sk 2GS Holk
G2t gl B GPL b HotAR & B e B R MG B 0 H B S 3.74 GPa o § %
MTRF B h2.85GPa 3 31% o

a5
(b) [ Experimental Data
(a) W P ey 4 B Theoretical Results
80 B Manocomposite (0.1% wt SWNT) oy
01 Manocompos ite (0.1% wt MWNT) .
= 70 [H Nanocamposite (0.1% wt GPL) &
g g s
2 e I
3
g o4 = 2
£ i
& 40 § 15
i F
F o 05
10 o
Pristine u.m wt 0.1% wt 0.1% wt
o Enony SWNT GPL

B 7 (a)GPL, SWCNTs ¥&2 MWCNTs/Epoxy 4F & ##L 2. Fde 3 & v ﬁnb’sf] (b) HA M 7 if & H
F50.1 wttoijs 4e £ P rlic S0t R o

~4

Ramanathan %

v-w—‘

AR EF it e E &% A (functionalized graphene sheets, FGS)i& 7 % & &
o o 377 % A1* BG~FGS 122 SWONT i 5 #F % i 40t PMMA gt 2 v 7 T 5 H
7}’/?]‘ 4ot PMMA A+ ¢ #p F&  2 7 ok o 3% 2 1 SEM % EG ~ FGS 11 2 47 & $532
FEEL TR AR o 2k (viscoelastic) s PMMA 4f & HkL e R B 4 * B ik #4417 (Dynamic
Mechanical Analysis, DMA) % & ip] o 4 SEM(E] 8): % % 7 &L » 2 5k & B4 & jed A % = graphene
8% A+ matrix 4P g o & A R EE @ téﬁfr‘]bi?ﬁﬁ'l o IR Y o Eehgly LA
REEE (T DA RE BT R G- 2 6 iF 0 J F %% v FGS/PMMA 4
LT BT AR T A —‘FIS,,E; F B gy o d B9 7 M FGS/PMMA i 5 &
BB SWCNT &2 EG 2 #4245 & #4

B8~ FGS/PMMA 7§ & ## ¢ SEM 2} 2 ]

184 mm PMMA
’ SWNT-PMMA
E m FGS-PMMA
A 14
o
E
51.21
il ij il

Ty Ultimate  Thermal
strength degradation

B9~ FGS/PMMA 7§ & 114122 SWCNT ~ EG fri PMMA 2 #3822 #1145 5 % b i §]



Zaman 2 Phan ¥ 4 > JI* & f67% o {iz KWUE 7 5/ F B4R £ HE o Mot Kt
Fen® B A Bl e PR B a2 F M O REABRWET > REHREEC UK 27 8
FITRF ARAR & PR TR AR R TR E 055wt B A B RS AR 0 B R BT R

B AWt o fF SR 0 21.6% 0 B L ER S 7 88790 e R F . &£ 3 200% ©
@ 10 -

Qiu & Wang » #-7 & & ¥ Mt e WREN T 5% F i oD TRF BAE S ML
TR TR M R AR 40 5 0.54vol % F & EREEGF PR
i fﬁ—’? b A AR R iR 0 S HCER 25% 0 PR R ARKR 10% 0 ARt A

41% ° 4o 1 1 #77% »

Biswas % 4 > {[* 7 o & 207 &% (Tum, 15um) 1 5 4 544 - X @ # 7 & % /LCP(liquid
crystalline polymer) z 3 4§ & #14L > H z?]‘ B AT A 5 Lvol %PF o B SR T 25% 0 @

7 4e 71 Svol. %P o 4 B 1 55% - 12 A3 R ST KM LOP &3 FARMEE A
T S B -

a5 --0-- Epoxy/GP nanocomposites
—e— Epoxy/m-GP nanocomposites 14 - --Or- EpmiyiGP nanocomposites

o —&— Epotyim-GP nanocomposites i
a4 | i ——{
.?;Taz } % I 4] g
@ - e ey -
SR B t : S
g e r o
28 | ?_u ¥
1 1 1 | L aa 1 1 | |
o 2 a & a 2 4 [
a ¥ —
o o St % e
= r LT 0 =00
g B g :
! ; ! 3
a 8 e
] - @ L L
@ -
i 1 1 1 G T 1 L !
[ 2 4 [ o 2 4 8
GP contant (wi%) GP confant (wi:)
Bl 10. o B A T 7 &%/ F M4 & 4 1 R
200 A
180
% 160 —I—_
2~ 140 —
E"EE 120 4 —
& E 100 I —
& 80 - -
£e 60 ==
& 40 -
20 4 1,
0

Neat resin PGEpoxy  GOEpoxy

B 11 Bty B0 50t )
3L R0 T RE

Tensile Properties of Graphene Nanocom posites

Sample Meat resin PG fepoxy GO/ epoxy

Elastic modulus (GFRa) 2.0 235 249
Tensile strength (MPa) 726 45 790037
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Eswaraiah % % 473341 % i 2 RO e BiF 4 2 ERTRABFERLEET R > TR
graphene & %2 MWCNTs & %2 »c% o § % ¢ EMI 08 Bl Bl <& 8.2-12.4 GHz (X-band) »

5% Bor graphene &% e EMISE 28T B B4 %9 5 358 dB £ 44,6 S/cm > H fEek i3t @ #
MWCNTSs #E % o B 14 #7 & 2 #7571 & W 5 MWOCNT ¥ Graphene % *2. EMI SE & (7 B &% -

R ’%ﬁd %2 R Bl % T AP o graphene EHREF T F ot G - NS AE A T
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Frequency (GHz)

Bl 14 ~ MWCNT(C)¥? Graphene(B) & % EMI »< it & % B
% 2~ MWCNT # Graphene # % EMISE & %7 & % % £

Film EMI SE (db) DC electrical conductivity (S/m)
Graphene film 35.8 44.6
MWNTs film 41.0 143

Liang & % i * graphene #L3 4f 52 LR R S A ¥ T 4F31 73 [P graphene ch7 € &
TRET Bjrercd o 2 7 e BEIFEE LR e R RRIEFEHFEPET RN E TRER
B fercd » TR B Rl ehiE B Lk 8.2~12.4 GHz(X-band) » ¥ 14 SEM % graphene/epoxy 4§ &
ML ST R chk & ) o F Bk % Mot > graphene/epoxy ¥ T & E ¢ “{ ¥ graphene 7 £ & @ i
brHf 4e > F B¢ ¥ 4o graphene/epoxy 4 & HAL LM E 5 0.52 Vol.% - B 15 5 % I graphene

vt epoxy 2. T R %% o d 3% & 5 #f 0 graphene - epoxy F¥ ¥ Adreip g a3 o A A

EHALET R o B 16 5 graphene/epoxy 4f & #4412 3% & %75 Ml (cross-section) - @] 17 #77+ 5 %
¢ graphene ﬂ]‘ 4v3t epoxy 2. EMISE %% B > 4 2 % ¥ L graphene/epoxy 4§ & #1412. EMI SE &
graphene i/,] A iRHR S o BHTREENF AR S S o H 4 T d 2% graphene 2 4F 4 4%
WG M inepoxy b ALY e - BT R '&i'g,J b R ETREL S RE &M
HAAFEHAFSDEMISE . F5%° 182 &% B 5% 7 v 15 Wt% graphene i & 144 > H EMI & %
21dB -
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117~ 7 I graphene i 4 £ ** graphene/epoxy 4§ & 114 2. EMISE % %

EMI shielding effectiveness(dB)

Vadukumpully % 4 7= #8324 graphene/poly(vinyl chloride)ig & 43 %2 7 |+ - B] 18 #777F 5 %
- graphene i 4c** poly(vinyl chloride)fA 3+ 2. T R %% o d B &7 > % PVC (73T & B M
1071 S/cm $ ~4e 0.12 Vol.%#7 0.3 Vol.%+# graphene i& HE2 g ouikd 3 3.19x10° &
2.14x107 Slem « EFF A BH 4L 0.6 # 13 Vol% & HE L BT AELA= T 492¢107 &
78110 S/em » @ 7 4 & & 0.6 VoL %P I § &8 4 o f F® 7 %+ 4 0.6 VoL %P T A §
EEFEAEP 0.6Vol% 5 2 fEAF E B PETR E-F ¥ TE B R ;s;ﬁd 5 7 4 6.47 Vol.%
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] 18 ~ % I graphene 7% 4c £ * graphene/ poly(vinyl chloride) 4 & i 2 # T & & %

Zhang % A % pizrpEz g7 R EF B # 7 graphene/polyaniline (PANI)4F & #4342 - #-pt
“HEMEET R TERET THFEH I RS LAFEM L ETRE R - d 232857 L G0
AT RERK > 5 02S/m - PANI-F(fiber)2- %% & & 5 10.6S/m > @ GR(graphene)£& 3 # % 2 ¥ 7



0527728/ 2B F 52 LRSS AT o REF BP0 PANL §48 0 R 7 RS
B BB & A G o F & PANL PAF 3 MDA SO HO0AE & MR G I B M e
%\'3‘1}’52\34\3&%\3i?§£ %a‘%'mf“t? FRE A

cycle 1st cycle 5th

conductivity
samples (S/m) 0.1A/g 0.5A/g TAfg 0.1 Afg 0.5A/g 1T A/g

PANI-F  10.6 420 145 140 280 140 130
PAGO10 2313 320 256 199 225 219 170
PAGOS0 15.5 207 147 130 195 147 130
PAGOS0 0.4 158 148 143 165 148 143
GO 02 08 - - 08 - :
PAGIO  168.7 214 284 168 212 213 179
PAGS0 228 180 175 135 155 154 128
PAGS0  143.0 480 260 210 410 260 200
GR 2772 20 - B :
Wang % A 4 4% i 873 &4 8 Rz @ % graphenesheets (GS) » # #5317 F R R ad%if & #
20 2D RS2 B RS EH T L SRR UL HE ) EFEI 10KQ - 44

iT % graphite sheets /8 - Bl 19 5 * FRBAASERER T 2D &5 T IEF 2 25 B -
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£ . 180°C Reduced
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EV///%/////%////////////}//%
Bl 19~ B R A28 R $ 2D LI F RS % B

Kim % A 4 % Graphene/Polyurethane (£ 4 *5, PU)4F & #4032 3 R 22 5 BUIEfEsie 2 % -

A E A ET BRI 11 B4 m £ 457 12 & (11-point surface resistance meter)*7& iB| o 7 S5 % B %

BT € S FAT SR PR e 4o @ 3R BrT ' 0 ] 5 TRG i ¢ (ratio of diameter to thickness)i& ~ ¥t 7 & &
Fod Bl202. %57 Lo R TR ERARR L UG aRE Y DET [ SREEE ﬁl‘k/* B anE o
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B 20 ~ vz W pEE R £ 2 B g £ 02 B % 2 Graphene/PU 4F £ #2246 LI E 5 %
Pandey ¥ * #F5435d B AIEEH 34 WH F 4
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¢ 7 1* graphene-polyacrylamide (FGS-PAM) & 554§



RERSATAFEHA o d SEMBEZET L(Bl21() * FGS T 2 24 # & PAM 27 » 4 TEM R ¥
R v g1 2 graphene e K AR R AcBl21(b) - T 6 0 AFE MR PER R §EFGS 3
ﬁm&gﬁ 2 7 o B PAM #Hen® TR 4 5.55¢107 Sfem » £ 4 10 wi%: FGS 3| PAM 2.
WA MR ET AEA 2 107S/em e d Owt%H 4 FGS 7 3 25wt% > H¥ET AR 1 142
S/em » %,% #% < 7 1% order of magnitude o o >t A E T I FGS HSL e 4e 2 B A F B 1S gﬂjs\;— T
B T ET R A FR x> Rk Y V4% FGS-PAM 0 & MR R E 5 10 wi% FGS
hifde £ 0 o2 graphene/PVA EH0F ¢ ML ME S o B 22 #f7 & 7 I FGS ;‘;‘]:%cféﬁ? PAM

WP BT RS *W -

1074 -

1] 5 10 15 20 25
FGS (%)

B 22 FGS G+ 2 HET AL TS+ B

2 A BRIAR & PRI 2 AR
Liang % 4 @ * graphene & 47 5 114 743t IR § M7a (Epoxy)® e B = Graphene/Epoxy 4f &

AL o 1 TGA v i GO ~ 384 B i graphene sheets &2 = 2% /i graphene sheets 22 € £ 4§ 4 - [§] 23
5 GO~ 84 B &= 2% k2 graphenesheets s TGA 24 2 S5 B od B® ¥ L > GO 1L & e
FE 47 30%3R 3 4 B 200°C enpFiz » 24 %] 5 * £ T 07 § 8 (oxygen-containing groups)#Tig
N R ATig & i e b ek s 384 iR g e graphene sheets & 200CPF < )5 12%hE 454 0 BT

—

2

-

8L 7 F R E® R 2 (8 19 2R F i graphene sheets F o @ £
800C % RE N T :E;}Ei v WP A% LT ’—"'L'r”ﬁ m? i %?g;{,}t;{ >3 uﬁg oo Tt A 250 HOECE S RE RN )f@
T8 P iy 53 Yedk graphene (BT 2 AL F oxdt AT & ML T .

= 1% & 0 graphene sheets



1104
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Fully reduced graphene-based sheets

80 4
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Mass (%)

60 Partially reduced graphene-based sheets
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Temp (°C)

Bl 23~ GO~ 384 % h &2 = »:% & 2 graphene sheets s TGA F & 3 4 & %

~

Ramanathan % 4 @& * F i 48 f* 9% &% & & (functionalized graphene sheets, FGS)i& {7 F &
& > 41+ DSC £ P poly(acrylonitrile, PAA)¥* poly(acrylic acid, PAN)7 Tg ° 7 e FGS 3 PMMA
A & Atz Tg 827 44 °% {28 & (thermal degradation) % >t H & 4F & 44127 %% PMMA -

Zhang & A 4% hi=TpE 227 R & F REHE 1 graphene/polyaniline(PANI) 4§ & 4L » & 41
P TGAHH A b S A EHA2Z ERFL B % o BEET > 4 325 & 100C =+ 38 ¢ 51 H0 ¢
g 1! (deintercalation)® F -] e4f 4 o GO(graphene oxide)#g 7+ d 200°C# 43 300C '€ £4p 4 -
H 3 & § ¥ 5 7 § *%(oxygen-containing groups) s & #73k o S B RR {4 0 JE 17 o GR(graphene) &
i 100 ] 600C ¥ F 23%crdp 4 o WP AIRipng § R At BB R BT ?’M}’:ﬁ% K{Tf 3o
PANI-F(PANI-fiber):# # % 100 3] 600°C 3 40%:E £45 4 o @ PAG80 % 100 3| 300C € £ 4p 4
% 30% @ PAGO % 100 ¥] 600CehE £45 4 5 25% > %% 2 GR + » 4piT - TGA 2 % % 4wl 24

S
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Bl24~7 =42 TGA FE4F £ v R

Vadukumpully % 4 @ # 117 4858 c03 2 graphene/poly(vinyl chloride)4§ & #4542 /& % » I 4 #
TGA £ DSC * &% PVC #2 7t 2 wit% graphene 4§ & +it2 #4LF o B 25 5 Graphene/PVC 4f &
H 2 (A)TGA #(B)DSC 1 = § (A)¥ 2 5 PVC # 4 » 2 wi% graphene 2 4 & H#2 45 5 B &

T W A WP T Tl B T2 ARG - B Y D X BRAIEER - B PVC $ - BRAARE
EFER(T® ¥ 2250 3 360°C > @ 2wtV 4 28 & Pl# > < X & 230C- 1 & £ %] 5 graphene
A - fapko] 2 e dita il Cly F]pt C-CléE ez 8 ™% PVC AP hdtg T 7 3 o JE



360 3 420°C » £ RATA XA PR 0 KM A AR A AL ER PR L RE PRELL 0 &
420 3] SO0CRI IS = BRAFFERFR(T2) - # 2 LERBERPRORSELL LS P i &
11 3 gl f (carbonaceous residue)ind = #riE ik en e d B 29(B)s DSC #4782 % &1 0 B PVC £ 2
wt% graphene i e B enTg B &R A % 5 80.8 &2 84.3°C » %] 5 #% ¢ graphene 7 b R A LS

# 4 (chain segmental mobility) > F]& ¢ = Tg 8 & 4 graphene 7 £ #% = o

| _ —— Pure PVC —— Pure PYC
100 \\‘T1 - - - 2wWi% (B) - - 2wt
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804 i
_ :IIII
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; 60 _g _
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20 \ —
R LT, ]
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B 25 ~ Graphene/PVC 4f & 141 2_ (A)TGA £ (B)DSC 2. % %

BN AL
AFFAEBFN - AaE: A HEE %;,_’fuﬂft%‘ ( Graphene Nanoplatelets, GNPs ) & % [+t 58 & {8
HEF A 2 B A EHPE o 28 5% 75 > F A/E A 5 > 7 A LA I0A
RN B R RE AR LA & HA
2. 3K BB TRF B RS AT & A K (Laminate) ©

1 Rt
a. Tk #f"y - EPO-622 solvent Typesk ¥ #%g » ¥ 54f ¢ %55 1o Pk i > B R Rde
T
AR 24 mPass
i £ - 60%
AR R 1 125°C ~150°C 0 A RAH L -

b, T EGHY AR IKNGAS0 3 ¢ BB P PR B A1 E R Em2 ST E
FHCR o R AT
245 1 1~20 um
E R 5~15nm
g >99.5wt%
W&o A 0 40~60 mn2/g
C. s 12KeEtsha o d S o P i - 4)8LTC36S
d. TR AR A LAFENG F RS LA SH R F L E TR



2. RERELRA

AT LR DREC FH A MARRE  ARY AR ART Y TR REES

EORMEES B 2 dh 0 B % ¥ A [ZOD BRI S 4ET 2 BIE - G AIHEE B - T 5 R
T RS (TEM) ~ 3 247 R S8 488 &+ Bk (SEM)~ T+ 2 =~ FRPV RFRP X -

3. %A

AFE AR M T &%k (Graphene Nanoplatelets, GNPs) 17k § #1%; 2 2 stk '

v

MEMEBRET2ZAREL > F e g e > ¥ a5 a0 DL B R TR B3
FAEE RS20 B BT /TR F BPa /RS AR £ 1R & (CFRP composite laminate ) °

a.

BRI AT HA WU

R B B O g 1200020 o R Y dkos R 2 R o R PR A 1 RLR £
bl BPIATR TR E T A Afe B B4 (0.25,0.5, 1082 LS Wt% ) Rl 1 AE YT A 15
A ARETRFMT e T B AFRBAY R LEAREEFTEFHER L1044
AR R BIE T RF IS RFRRICL T RGBT Y R iR
R0, PR PR ARTION 4B R 2B E ~ B 3045 0 MB0R BT gfrd
FEZE T PP APPSR BRIAHF I HATIF e AL kSt B
LG o R F T REEMERF IR A e B R TR A B A R &
7 ERAR RPN AT B e R P o BB R EE R U DT AR EH A
0.1 wi% 2 T A B & o e B PR3 ) P o

?&%%¥%§ﬁ%@ﬁ%$@’wﬁi%&%wH%iﬁﬁﬁﬁ%ﬁ%mﬁ?,%ﬁ
PR R CTHCR ¢ o I RS A 120°C T M R 4 s 38 (& 50 psi ~ 200psi ~ 400psi ~ 800psi
1000psi ) & {74 gt > B BBRIAZ R Ao FI26 0 = S5 (6 £ 2R 1 MM IR R150C 0 2
R 2 1500psi > & 7304 e R S 4] 2 (5 -2 e S P A e pis BB P 0 12 1500psi
TP P NP AR PR BRS N2 T R TR A R AP

AR AR A 2 ) R D RS AR A A A M RO RA
R AR AEUR R A 2 R R fs A 1 (Post-cure ) 2o EJR o H-H B A gg e > 120002 ) PF
BN RN BRI AR A AL WE RS LR R B RE R (2
o Fed o~ BRI 7 A F R S o WR AR R27H T



b.

M (Ao BI28¥7m ) » BN T 1 L B /S58cem s K R120cm e o AR E A 5 By

# 30min piE &6

1 min. 30 sec.
0 R — L E-RERC NI S8 &
A
#RBAR120C > %470 psioatit > 200ps) > 400ps
30 sec
#E30min 30sec 30sec 4’

BEAERGERR #AAEAR T FwRHBA: | BIRBAC

1hr - 150 C » 1500psi - 1000 psi o 800 psi

126 ~ &R A7 ]

S 1) NE St
: Homogenizer stirring Ultrasonication Mechanical mixer
e anpes

0.25,0.5, 1.0 and 1.5 wt%

_——— e e e = === e e e e e, e e e e, —m————

1 \
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| > 1
1 1
P ——
 anaiysis Kl - ’ = |
! Analysis & |
|
| - 1t |
|
| GNPs/epoxy composite Hot press molding Vacuum heating oven 1
1
l\ !
N P

_________________________________________________

W27~ F B f 7 1T BP9 AF & A RE AR

TR CRAY R A AT & R
2 ARE/E B BT B RERT R H (Prepreg) H#
AP E RPN R G 2RSS AW o BT R e TR B A A

w;v
?Fq E& !
av vk
oy G
R~
% &

fim

5

e BB RN Y PR B KR RSN 2 VEERS TR &

A hEARAETR o A BRI EH T ARSIk E e B RTINS R
HeR B2 B A AHA (B RFA IR ) BBt SERBEEY LRSS

RERT LA FREEBR BREFRIEAM AR EETHN L > SEERE BT
% 4 ﬁi‘iﬁ‘* ‘iv&%{\/ﬁﬁ =~ W ﬁf» é#‘?ﬂi_ —;’??_/;’Hi']—r 4 "_%_”';, ,-g»_/_w_—"-481 Fé:' T ’?F‘T

¢z
BN 22 AR 2 EF 0 A PIB-Stage o 4ot — K TE A 2 KRR TR R (Prepreg) 2 8l



AOABE /B ACRRT AR & WA U

B3R AR AR MR T E 2R BRF LA IR ARER R UFRE AR A
For S HAFRESHTRAFR IS EE LS BB L AP ] R 4o F20 T
TR TR R R AT & RO I T AR B30T -

W29 ~ W& AL HAT M AR A MR A BRI (R R P B )



Ultrasonication Mechanical mixer

Impregnation of carbon fiber

Hot press molding 13 Plies of prepregs Room Temp. for 48 hr with Mixed Carbon Nano Epoxy
resin (prepreg) using drum
winding machine
300mm

>

300mm M

V' GPs/CNTs/epoxy/carbon fiber
\\Composi'ce laminate /

— e e e e == ———————

130~ 7 & % i & [BLk g & HRAE K 17 B e A2

>~ BRHEH
L 2&%mY3AELS7
20045 7 54 BH 2k o B IR TGS A P Fpke 2 RGN RER T B
Tk o i A A S R e B s - AR K E S s B P Meng
B F FR e FERE ko - iﬁlﬂ‘g’ﬁm'&;;&; D108 11T enE R S ;&{# -q H KT
5 &R 5 5034nm > F]P 10K U HE & TFE;-);*.EJJ%%Anm ek H R R Kk TS SN

97.7% > 10k 7 5k 5552 30879 @ AFT L A cnE B AR K 5 5~15mm 0 2 7 B A #i

N
Wi

NE1540% 24 L R FEGALER  m K Hhrr PR - T 5 (HH R ) A

v

Bt 2 TR L& S T 7 &% ) (Graphene Nanoplatelets, GNPs ) °

~

BI31 5 7 5y £ W2 TEMEHEF > BI320) 5 7 545 s 2 SEMB « R® 7 481> %

foe

S e e 2 5 1-10 pm s @ AURI332 W3440SEMPE B ¢ 0 (T RS A
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B3~ 2 L%k TEM & &

~
S4800 15.0kV 10.7mm x50.0k SE(U)

Bl 32~ 7 &% SEM ¥ (X500)

SEI 15.0kV X10,000 1T7m WD 149mm

33~ 7 5% SEM & # (X 10,000)



SEI 15.0kY  X30,000 100nm WD 14.9mm

B34~ 7 &% %% SEM B ¥ (X30,000)
2. REVHT BRI AR A EHFEPBHETERORELT A
FEFAYIRI MR KA 6 M Eed BT

BI35 824 A M7 2 BT A R IRE 0 2 K AF 6 M2 38 R o 2 K47 & W ahded i
RACE F RPMT Db a Bt § R EGH RS 025wl lE A T A A FR K 990
¥

BE R R B e A KA MR R F G BT o AR S AT

o

FEFMEDREFS cFFAREEFMHTAER M EEFT ARG - HOEHHE
(micrometer-size fillers) » Fp* - £ 7 B4 ® B4n A 2 RE - R R & 7 &4 B &1 0
ARG AR R EFARNE LR AT AT RS PERE Y

Vo R

b. FEFMKSOBERL G AR AAFNY @5 - DI F IR SER L § W5~ F

daehiids o Fla BB BT BH AR g2 334 (voids and holes) & 4 F¢5 (defects )

C. FEWHE A  AGERFTHEEGMY  HEMF R e R o EF4 1=

W36 24 45 FRFABTRE B2 A A7 & W2 30 flice "EF 7 RS 50 T %
GO TR AR R A AT ORI RE2L A o § TR B R A D LSW%RE 0 2 K AF M g

I 2 - A [$) 7



- AT R EBHE LIRSS MY ERFF AT AN DS AR R D EF G L
B S AT G R R S R I B A T AT R EF RS e R e s @ 9
Wcsg2z A 2 oo

#%_Halpin-Tsai model 1 2 Mori-Tanakamodel &/ & #-2] & 4 > £ &% #c ¥ «h& 2 (aspect
ratio) .- 7ApE £ & chF) % o ¥ ¢ » Gao % 4 j&_Shear Lag Model ¥ & 91 ¢ r & @R kit 2

FHEAHMER A FHEHE MR T L) o

2xXA\0
. cosh( " ) @
f f cosh(Aa)
sinh(@)
Ui = | Cosh) 1(b)
Where
1
4Gm |2
A'_'lﬁﬂn¢f] 1©

Of » Jn & BT AL FF K E A RS w0k BT 5% & (interfacial shear stress) ; Er &_
Ao A it s LBR S X A H Y W I A A H e o B8 4 ek o (aspect
ratio ) ; Gm €_ ++ ¢1 % 4 (shear modulus ) 5 @f P 2% # 3 #4288 # # 5 = (volume fraction) -

PR Eae A A EAH OB R E F LD R FE S P 54 iy b Bk gt

120
—~ |—=— GNPs/Epoxy Nanocomposites|
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FM (GPa) | 22 | 2.5(12%) | 2.50(12%) 2.53 (14%) 2.63 (19%)
IS@m) | 61.8 | 102.1(65%) | 156.0 (153%) | 136.6 (121%) | 105.59 (71%)

s GNPs/epoxy composites, TS: Tensile Strength, FS: Flexural Strength, FM: Flexural Modulus, IS:
Impact Strength.

TR RT A KA S HERGERT AN

Bl 39 3 AR BRI BIAT R BF M 2 SR RE o BRRTRF A D
Fb g "g?f;‘;‘ltécii\‘gécﬁ*ﬁ MR o R LSwt%eps o BB B E R L 0.275 WmK - 4p
ﬁ'L% 5‘\//’1‘4“}’ TF
e

Fher F AT B HERR ¢

2.k F AP (0.245W/mK) 3 4 0.03 W/mK » H S41 14 4% = 4p

- fRAE o A TRAE TR B e S il

BEAPEF L L- L LRAE AR ORBES ¢ ORIFEAI S o AT B 40 A7

I °



0.280

\ —m— GNPs/Epoxy Nanocomposites\

0.275

0.270 /

0.265

0.260

0.255 /

0.250 /l

0.245 u

Thermal Conductivity (W/mK)

T T T T T T T T
Neat 0.25wt% 0.50wWt% 1.0wt% 1.5wt%
GNPs content (wt%)

B39 ~ 2 0.25~1.5Wt% 7 5 e ¥ $IR § o # @ 9 52 352 fhim

thentEtelBg
(W/mK)

L S

et -

Filler Content
(Wt%)

Fl40 - BHHEAHE LS HADEF 2 PP

3. FEGHMYIRE /BB RFENEBAFRFTTRR L7

BB FMCY A RIRE B 2 AR MR R AIL T AT BT B BT e R B 0.25wt%
it mAZE Iwt% T3 fE AR T A A S H T fp AR TR E M/ Ry P A
EH 02505 122 075 wtV%= fEv 6] R4FH T & F Ak B4k aAE 4 & (CFRP composite
laminates ) Rk & 48 5% (7 & ©

d@Mﬁ%5%%@%’@ﬁz&%&¥i&§ﬁﬁ$ﬁ%ﬁ%ﬁﬁﬁﬁﬁﬁiimﬁﬂﬁ
BIRF AP PARR R PRV G T AR AR c APRPIET AT Ak
RS AT BRI AR H AT AR SRERETRR > B EEWAHE 4 B E 60wt%

3

- BOFMCTEE BE Ao ff 0 RAPROTARER AT E 0 B EGMT ERF TR 0.75wt% > F]

we



P R SRR N-RIER Y R RSP SR

Beh o PRI AR AR A Y - BRMETR R Bk
AR AR OR G 5 R I B2 sco AL TR T T EF M T AL (modify) » Fp
?%&‘{Pﬁj‘?"’ PEBRE AREAF DR g AP o @A XD EFITH 4 B ?&_Jfﬁ/ﬁ‘ﬁ’ﬁ*?'fﬁ’i%@.

R R R N TR U i A

64

62—- |—s— GNPs/CFRP Laminates|

60

+9%}
58
] }+2-6% +2'4%}

ILSS (MPa)

56 -
54 }
52

50

48 T T T T T T T
0.00 0.25 0.50 0.75
GNPs (wt%)

141~ 7 5% Ho v R F A B g AR R 7k 3 a8 A

4. F B FRCH BT ARG AT &R A RO 1A 4
ARG F AR TR ZFEEF TG AP R AR RS R L AR R
50 mmpF hGic i T Gicehnitial value (Gicainit) > 14 2 Bedp k& 47 7 50 $ 5 § 467 Bk A7
EFDEM R F AR R PP TR LS55 b B B AR § R HIR T AR AT A AE
Tl i B FGe B LF T RS e B Gier L A o BT BFMY
FELOISwthrmiz E Fld < B> HGiedk 2 PRSP RS A A F B E81.1% -
B2 e am o B ETIRAT R FIIL R A T R B TG T B e A e g
( Crack Pinning ) ~ &% ‘&3> ! (Fiber Pullout)#? % 3¢ = % ( Void Nucleation) 2 % %] 4 & 7 ( Crack
Deflection) ¥ o &2 5K AF & H2¢ o Hddrdlcnidfpd &R Pt & G ondp Bt o+ PG R o A 5
Hen e < X0 B AN MAN L S BT P B deh £ RaR At g e AR
ooy BB EPE 2 Her A 2 S E ST (Crack bridge ) € /&% SR g PR % > @
FeAl A R o ARTE P AP B Y KA SRR AT H K IE R B R B ]
Frihodgd Pab v g KRS E AN PILE B BT AR AT HAE A R B DR e £



2 FRA R TR R T AR AL A G H R R T g TR R
Renfeh 4 oq @ FHMAS R &a § PR AR E SR % o T S EAT H A A F Mode T

B BA R T F 2 A g ER e q A ok AR R o

1100
~ 1000 ] | —=— GNPs/CFRP Laminates|
ks
S ]
o 900 -
o +81.7% :
- ]
4
g 800 /
= 1 +54. 1%E
S 700 +45.2% %/
g ]
>
‘8 600
g soo-
E :
400 -
T T T T T T T
0.00 0.25 0.50 0.75

GNPs (wt%)
42~ T 5% e/ § AP RS A A E AL 1

305 T B HCE TR E RS RS AE M O R

Test item GNPs content (wt% )
(unit)
0 0.25 0.5 0.75
ILSS (MPa) 54.6 594 (9%) 56.0 (2.6%) 559 (2.4%)
680.8 722.4 851.8
2
Gic (J/m?) 468.9 (45.2%) (54.1%) (81.7%)

$GNPs/CFRP, ILSS: Interlaminar Shearing Strength. Gic: Initial fracture toughness Gic.
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Abstract

Graphene nanoplatelets (GNPs) are a novel nanofillers including single or multilayers of a graphite plane which
possesses exceptional functionalities, high mechanical strength (1 TPa in Young's modulus and 130GPa in ultimate
strength), and chemical stability, for the following reasons: their abundance in nature and thus their cost effectiveness
and their extremely highspecific surface area, which carries high levels of transferring stress across interface and
provides higher reinforcement than other carbon materials. Because of their high absolute strength, large surface area
and costeffectiveness, graphene nanoplatelets (GNPs) have high potential for improving the material properties of
polymerbased composites. In this study, the graphene nanoplatelets (GNPs) modified with maleic acid (MA) were used
to reinforce epoxy resin to prepare the GNPs/epoxy nanocomposite and to investigate their mechanical properties. The
mechanical properties of GNPs/epoxy nanocomposite, such as ultimate tensile properties and impact strength were
investigated. Significant improvement in the mechanical properties of nanocomposites containing different proportions
of GNPs were increased over that of neat epoxy resin. The fracture surfaces of the neat epoxy composites (without
adding GNPs) and the GNPs/epoxy nanocomposites were comparatively examined using Scanning electron microscope
(SEM). The images showed that nanofillers exhibited higher solubility and compatibility in epoxy matrix. Therefore,
embedding GNPs can restrain creviced growth in the GNPs/epoxy nanocomposites and prevent the expansion of these

cracks.



1. Introduction

Graphene nanoplatelets (GNPs) are platelet-liked graphite nanocrystals with multi-graphene layers. In general, a high
contact area between polymer and nanofiller maximizes stress transfer from polymer matrix to nanofillers. Therefore,
GNPs can be expected to exhibit better reinforcement than CNTs in polymer composites, due to their ultrahigh aspect
ratio (600—10,000) [1-5], and higher surface constant area. The GNPs planar structure provides a 2-D path for phonon
transport, and the ultrahigh surface area allows a large surface contact area with polymer resulting in enhancement of
the composite thermal conductivity [6-8]. However, the large surface area between GNPs what is NGP planar
nano-sheets results in large Van der Waals forces and strong m-m interactions [9-11]. Thus, the performance of
graphene-based polymer composites is limited by the aggregation and stacking of NGP sheets. Since the
physicochemical properties of aggregated GNPs are similar to those of graphite with its relatively low specific surface
area, the performances of GNPs will be suffer significantly reduced performance. This is an important issue if NGP
potential as a polymer composite reinforcing materials is realized [12,13].

Epoxy is widely applied in advanced CFRP (carbon fiber reinforce plastic, CFRP) due to their good mechanical
performance, process-ability, compatibility with most fibers, chemical resistance, wear resistance and low cost.
However, these materials are relatively brittle, which is detrimental to the interlaminar properties between matrix and
reinforcement. The addition of CNTs or GNPs to improve the interfacial strength of laminates has demonstrated.
Besides, the great potential to increase the mechanical properties of thermoset resins and their fiber-reinforced
composites as using CNTs and GNPs as fillers.

In this study, various amounts of Graphene nanoplatelets (GNPs) modified with maleic acid (MA) were uniformly
dispersed in epoxy resin (i.e., 0, 0.25, 0.5, 1, and 1.5 wt%), and prepared the GNPs/epoxy nanocomposites. Mechanical
properties of the nanocomposite, including ultimate tensile and impact strength were investigated.

Finally, The fracture surface of the specimen was investigated using scanning electron microscopy (SEM) to determine

the dispersion of the GNPs in the nanocomposites.

2. Experimental

2.1. Preparation of GNPs/epoxy resin solution.

The unmodify graphene nanoplatelets, GNPs (Xiamen Knano Graphene Technology Co., Ltd, China) with a thickness
of 5-25 nm were used for reinforcement in this study. The graphene nanoplatelets (GNPs) modified with maleic acid
(MA) and the GNPs-MA/ Methyl ethyl ketone (MEK) solution was stirred for 10 minutes using a homogenizer. The
solution was then vibrated by ultrasonication for 90 minutes to enable the GNPs to disperse uniformly throughout the
Methyl ethyl ketone solution.

The GNPs/ MEK solution was mixed with epoxy resin (EPO-622TM Epoxy Resin, Epotech Composite Co., Ltd,
Taiwan) for 90 minutes using a mechanical mixer and then vibrated by ultrasonication for 90 minutes to enable the
GNPs to disperse uniformly throughout the epoxy solution. A schematic illustration of the fabrication of the

GNPs/epoxy resin is shown in Fig.1(a).

2.2. Preparation of GNPs/epoxy nhanocomposites.

The GNPs/epoxy resin solution was placed in a heating oven to expose at 83°C for three hours to evaporate all of the

4



solvent and then placed in a vacuum heating oven and vacuum pumping was performed for 5 minutes to eliminate air
bubbles. The resin solution was poured into molds and then placed on a hot press machine to form the GNPs/epoxy
nanocomposites (pressed at 1500 psi and 150°C for 30 minutes). The nanocomposites were then placed in a heating
oven at 140°C for 3 hours to eliminate the internal stress (post-cure). The curing agent used in this research is
dicyandiamide (DICY), mixing ratio of epoxy and curing agent was 18:2 (wt%). A schematic illustration of the

fabrication of the GNPs/epoxy resin is shown in Fig. 1(b).
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Figure 1. A schematic illustration of the fabrication of composites: (a) GNPs/epoxy resin solution; (b) GNPs/epoxy

nanocomposites;

3. Results and discussion
3.1. Characterization of GNPs-MA

Figure 2 shows the reaction of maleic anhydride (MA) and the epoxide group. This confirmed that MA can react with
epoxy resin and reinforcing the interfacial strength between carbon nanomaterials and the resin. The fourier transform
infrared (FT-IR) spectra images were shown in Figures 3. FT-IR was utilized to characterize the modification of GNPs
powders. The figures showed that the key absorption peak near 1,600—1,850 cm-1 was the —C = O functional group, a
standard absorption peak of acid anhydrides; these results indicated the successful MA modification of GNPs.
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Figure 3. FT-IR spectra of GNPs-MA.

3.2. Tensile properties of GNPs/epoxy hanocomposites.

Figure 4 and Table 1 show the ultimate tensile strength and young’s modulus of the nanocomposites without and with
the four proportions of GNPs contents. The tensile strength and young’s modulus of the nanocomposite with GNPs
added at 0.25 wt% shows the best enhancement compared to the composite without any GNPs added. The strength
begins to degrade at the 0.5 wt% GNPs loading.

The mobility of polymer chains was restricted because of the dispersion of nanofillers under low content. The high
aspect ratio, high modulus, strength of nanofillers, and robust interfacial adhesion between the nanofillers and matrix
also contributed to the reinforcement. However, the decrease in strength with high nanofiller content can be attributed to
the following two effects: 1) non-uniform dispersion of the nanofillers in higher loading systems. Acoustic cavitation is
one parameter for nanoparticle dispersion under low content. 2) Voids might also have decreased the strength. Choi et al.
reported that few voids were produced during the fabrication process and that voids increased with higher nanoparticle

content [14-16].
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Figure 4. Tensile properties of GNPs/epoxy nanocomposites. (a) Tensile strength; (b) Young’s modulus.
3.3. Impact Strength of GNPs/epoxy nanocomposites.

The results shown in Fig. 5 indicate that the impact test results for the GNPs/epoxy nanocomposites and indicate that the
impact strength of neat epoxy resin cured without adding GNPs is approximately 61.8 J/m. When the GNPs added in an
amount of 0.5 and 1.0 wt%, The impact strength of the GNPs/epoxy nanocomposites compared to neat epoxy resin were
increased by 152.5 % and 121.1 %, respectively.

A comprehensive knowledge about the influence of nanoparticles on the micromechanics is required in order to explain
the observed toughening effect of nanoparticles. The mechanisms of increasing the fracture toughness of polymers via
the incorporation of particles have been extensively studied within the last three decades [17-20]. The application of
microparticles (spherical or fibrous) exhibits the highest effect in brittle (e.g., thermosetting) matrix systems. Several
theories have been developed to explain and understand the effects of particle-toughening and they are often in good
agreement with experimental results. The most important micromechanical mechanisms leading to an increase in
fracture toughness are (i) localized inelastic matrix deformation and void nucleation, (ii) particle/fibre debonding, (iii)
crack deflection, (iv) crack pinning, (v) fibre pull-out, (vi) crack tip blunting (or crack tip deformation), and (vii)
particle/fibre deformation or breaking at the crack tip.

In this study, GNPs reinforce epoxy resin and investigate their impact properties. Based on the aforementioned literature
and experimental results, the crack growth suppression behavior in nanocomposite was primarily caused by the crack
pinning and crack deflection of GNPs. When cracks begin to grow, the cracks in the nanocomposite deflect due to the
interactions of GNPs, consequently suppressing crack growth effectively. This is the reason that the reinforcement effect

of impact strength became increasingly noticeable as the carbon nanomaterial content increased.
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Figure 5. Impact strength of GNPs/epoxy nanocomposites.

3.4. Fracture surface of GNPs/epoxy nanocomposites.

The fracture surfaces of the neat epoxy composites (without adding GNPs) and the GNP/epoxy nanocomposites were
comparatively examined using SEM. Neat epoxy resin composites exhibited a relatively smooth fracture surface, and
the higher magnification SEM image in Figure 6 (a) and 6(b) indicates a smooth, mirror-like fracture surface
representing the brittle failure of the unfilled epoxy.

As GNPs content increased to 0.25 wt%, considerable corrugation was found in the crevices among the matrix, as
shown in Fig.7(a) and 7(b). GNPs cross-linked in the crevices in the corrugation area restrain creviced growth. The
static mechanical properties can be enhanced because both the corrugation and GNPs increase the interfacial fraction
between the GNPs and matrix.

NTHU 50 m_ WD 130 NTHU 5. 0 1¢m  WD130mm

(b)
Figure 6. Fracture surface of neat epoxy composites. (a) X 5,000, (b) X 10,000.
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Figure 7. Fracture surface of the 0.25 wt% GNPs/epoxy nanocomposite. (a) X 1,000, (b) X 10,000.

Table 1. Mechanical properties of GNPs/epoxy nanocomposites

GNPs content (Wt%)
Test item (unit) 0 0.25 0.5
1 1.5

TS (MPa) 54.89 69.63 64.77 58.93 54.41
%Enhancement (+26.8%) (+18.0%) (+7.4%) (-0.8%)

YM (GPa) 1.99 2.12 1.99 2.01 2.09
%Enhancement (+6.5%) (+0%) (+1%) (+5%)
. IS (J/m) 61.78 102.12 156.03 136.59 105.59
/Enhancement (H65.3%)  (+152.5%)  (+121.1%)  (+70.6%)

< GNPs/epoxy nanocomposites, TS: Tensile Strength, YM: Young’s Modulus, IS: Impact Strength.

3. Conclusions

The experimental results showed that the mechanical properties of GNPs/epoxy composites have optimal characteristics
with reinforcement through GNPs addition; furthermore, the ultimate tensile strength, young’s modulus and impact
strength were all improved. Based on the experimental results, adding the present GNPs to the epoxy resin provides a
considerable reinforcement effect.

When the concentration of GNPs was 0.25 wt%, the tensile properties provided the superior reinforcing effect compared
with neat neat epoxy resin. A noticeable improvement was observed in the impact strength of the GNPs/epoxy
nanocomposites. Based on the aforementioned literature and experimental results, the crack growth suppression behavior

in nanocomposite was primarily caused by the crack pinning and crack deflection of GNPs.
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The research results will be applied to lightweight carbon fiber composite products,
such as bicycles, aviation components and to maintain its excellent structural strength.
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