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Mechanical Properties of Graphene-based Polyimide Composites

Ki-Ho Nam*, Jaesang Yu*, Nam-Ho You*, Haksoo Han**, Bon-Cheol Ku*'

ABSTRACT: Polymer composites are materials in which various fillers are uniformly dispersed on the basis of organic
resin. They have excellent processability and diversity for industrial products. Recently, as carbon nanomaterials are
developed, there is a great deal of effort to use them as reinforcing fillers to fabricate high performance composite
materials. In order to transfer the inherent properties of fillers into composite materials as much as possible, the good
dispersion and orientation of fillers, and favorable interfacial interaction between fillers and matrix are considered to
be very important. In this review article, we intent to derive and explain the relationship between surface chemical
structure of fillers and physical properties of composites as a strategy of high strength and toughness of graphene-
based polyimide composites.

2 2 IEAEBYARE 97 FUAN DEA $AS VAL chst FHAZ 2YSHA BN LY 2A
71540l 945t Al E o] ThapAo] Be Eo] gtk H el v LR Eo] AuH el whet o2

gsto] BT e BARE AUs] St Be welo] olrk ) Hejo] S48 Ak Bams
A7) ol olfel ab vk % AMSAO] e FaA ol Aleh 2 A el i 234 7]
ok Eejoln|= B R0 WAEst 9 WIS} 7% dekomn T 75 3tel ofe wH shataol BA
BPA S EEol AWstnA B

l'ﬂ-l
:L

o
ox (I

Key Words: 17 ¥ (Graphene), & 2| o] 1| =(Polyimide), £¢}A)] & (Composite materials), 7] A% 4] 2 (Mechanical

property)
1.4 2 B SIshA| AT} ol ol A1 UTH12] BEA R 7174
(matrix) @} Z-7 A (filler) ¢ ol whe} FHF7F 25,
TAE DI THDY A e BN S o] F IEA BIYRE vlo] A2 E Lhe F7]9 FA
FE, A5 W e Aol o|27 7] vhefRt Addokel Al 77 SRAIQ] LEAF Aol LFHA| FAAA Al
q 948 WA S FHATh tie] BaRe A2 ohE  ZET IR BEARE DEA YR FHA AuE
olF A S IeHA B el or ERFoEN A FIA 22Al Sl 7 Se IdE fAsEA F
27} S SRS WAE SRS sy 0 2 HAS] S48 eld 4 qlek 53] 7t shee7] ol
s YA B3 dEo] 7|t LRI 2f2A F P sks S¢ 7IAA AU AE Sttt AR AET)

Received 4 August 2017, received in revised form 20 October 2017, accepted 25 October 2017

*Institute of Advanced Composite Materials, Korea Institute of Science and Technology (KIST), Korea
*fnstitute of Advanced Composite Materials, Korea Institute of Science and Technology (KIST), Korea, Corresponding author (E-mail: cnt@kist.re.kr)
**Department of Chemical and Biomolecular Engineering, Yonsei University, Korea



262 Ki-Ho Nam, Jaesang Yu, Nam-Ho You, Haksoo Han, Bon-Cheol Ku

DEA AL GEHO D ANt BA Y| Bepae 4

A Al felol s olyeste), 2544 5] ol
Ult(aramld), =2 AE 4 175 9] of| FA] (epoxy) L]
o]u] = (polyimide; PI)
=:1ﬂ5ﬂﬂﬂﬂum+ S, =6
S g Feot ofnl= wele) S eHgAS 7]
2 sof Hojut P4, Wahet oFE A, WTA W 4
3 71AH FES R AR Yol T8 2AolcH7-9)
LiRe)} 0}1,]11]— z%oqx«]_,_]. ko o Z’]g./] A71H EJOo=Z u
G A ok, o Hof 2|7 e Al 4o] Was ¢
S ol o271 et ALl Sofoll A 2Hv Siet
%]+ 12} A (graphene), B 4L} = & H (carbon nanotube)
5ol whad AAE FAAA Aol LA Bk
o) 35St 2ok 2137} B Y FoleH710-12)
w“iﬂﬂ9ﬁ+°ﬂﬁﬂwﬂiﬂ$ﬂx
2 Zeo] b2 ZaAeh ] wa)

<ﬂ%ﬂ£%@%ﬂﬂﬁ%&ﬂﬂ@%5qe@ﬂ“1
O
=

W Zeoln

1
1
p

I

O

(

E [
0

E

’ P

Zolt}.
iAol 3

2 Bt

%qcﬁkwﬂ%ﬂéﬁmiﬂl

1) No,

HN

“NH,
EtOH /80 °C

)
HyPO,, H20
NH,OH, MeOH

S TAl o] AESHL Utk Y B a e

HEZF ZIAA el A o] A e A ES] B
ol wAtel A #H-E=d], 2 LS {7] L8R
TAF Tk A] ol SR E= o] At o] LHA
A 0] v~ oHYE o}ehA e} Q1] T A E 7H
Hieg| 28k~ 3l (van der Walls force)o]] 7| @13t} 15,16]. wef

A e FUd BA g 1T ELH S
oo 9ok Ak AW A4V BIARY B4 I
akst7] 913t B4a ol

Jeme) shobe ERUALE BAF 420 BAE £
AA 2R $4T SHES AN A BAHRE A
2 7P5A) Gk, @A ol2A|ohilo] E isocyanate)[17], A3k

(silane)[18], ©}¢l(amine)[10], & 2 = (iodo)[19] Z-&7] = T}
oFst 1w 75 3tol| gt ®av) gk E3F E3)u] (aspect
ratio)7} & E4 & 22 SHA R 4% F7PstH U ES A
22 WAool Bale] B4E BHOR AL 4
Slo] 71 2ol 71N nEA BRI S-8WIE U
g 4 9e Aee gEn.

it

BB Al X Uoly A 24 YFE E
oJu|EE | AAE T He] FAH 17 5H AEA B
SREEPECHERLRE R DR L)

=

af Awata 1 £ Zojsh derol js) 7l%sli) dt.

2. 24l 7|13t

Fig. 1. (a) Structure of GO and synthesis process of (b) P-RGO, (c) AP-RGO, and (d) Py-RGO



Mechanical Properties of Graphene-based Polyimide Composites 263

Folth. e me] RAALE LEA
2o ERo) 74 RS A
waje] Awe ArHoR 1Y 4 ek Ol wp o] o3
A 2 wise) 7 gl 0] i
o, el mgo] Sxo] AaEl 7
g 7Rk SR 4*4—4 74 A4
T SAALE 712 A 2] AHEAl o

AA S A A2 01’04 ‘ibj/]% ﬁﬁ}lﬂﬂqﬂ(graphene
oxide; GO) Fig, 1(a)8} 70| 71 o] 2417 (hydroxyl),
of|Z-A] 7] (epoxy), 7}2 X d 7] (carbonyl) = 7} 2 H-A A7)
(carboxylic acid) 5-2] o] & 7}#] A4 7] 57| E0] A5},
olF 7] srt=E I WA A FolsHA Vs Fod
o Qo e o] s epelhae) Ea Bl 7]
A =24 2 AEEAE =&sh] A% AlsE e 7
7l thg 0 g ofof W Vs dhd +2F Fig
1(b-d)ofl Lebf it

Hd 3| =&} A (phenyl hydrazine), YE 24| 43| =2} (4-
nitrophenyl hydrazine), 22 21]2|d 3| =2 F 20| = (4-
chloropyridine hydrochloride)E Z}z} A¥3} 121} HES-A]
7 3£ of 9 d (phenyl), OPU]l:Jﬂ‘/‘(amlnophenyl) aga
u] 2| S (pyridine) fr=A|7} = Q¥ $e T2 ¥ (reduced
graphene oxide; RGO)-2 7|£2] 34 ‘ﬂo"‘ﬂ [20]2 w2} 3HA]
3 2 U}, 7155} o) wet ghel Teue Eeloju
= 4=X]¢} mlo]-uto] A5 2H-8-(pi-pi interaction), 52+
(covalent bonding) ¥ —’r—ﬁ:é@(hydrogen bonding)°] 7|5
st AAslon, o] 5o AUEA ohE i &
A= 71AH e Bt

3.1 7155tE JHE & Pl SHME
g2 FARE DEA 7)Aol FHAA 1754 T
*ZP il 7H 15 % A7h Fas) A

3‘424 Oﬂ A FAT = Aso R Qg JAN 1]
JLEALR} oFgt 741‘347& R B3Rl 715 (void), =L (crack),
?i%(pin hole) 5= ’5‘3%6‘}04 AFAA 01 &< Zﬂsié = F

o @Jﬂw A4S 54 27154 2 s-f;f;xni
FHo] 715 A Ek T/ nEA B RS Azl
WS O3z 072 89 E3(solution mixing), 3 &g}
(bulk mixing), -8 &3H(melt mixing), in-situ 53 5] 3
oh23].

Zrjoln| s W kS FeE) tolulE =4 °7lﬂxﬂ
ol A ZgFadste] dol A (Fig. 2), 7153t ghd 1)
9NE in-situ 2302 ZHA|A B2 S A 25t vt

° o HO OH
(0] 0]

Pyromellitic dianhydride
(PMDA)

3,3’-dihydroxybenzidine
(DHB)

NMP
HO OH
HQ 2 H
+ )
HO OH
o) 0

Spin coat
Prebake at 80
Thermal imidization at 110-300 °C

(0] OHO OH
reselos oy
(0] 0]
Fig. 2. Synthetic route for polyimide

Table 1. Mechanical properties of the Pl composites with differ-
ent surface chemical structure of graphene [24,25]

Tensile Tensile Elongation
Sample code strength modulus at break
(MPa) (GPa) (%)
Pristine PI 1265+ 7.1 6.2+0.6 32+05
P-RGO/PI (0.5:99.5) [159.8 £11.0 76+13 4.7+0.8
P-RGO/PI (1:99) 213.7 £ 23.1 8.7+04 53x1.2
P-RGO/PI (3:97) 191.1 £ 10.9 7.4+0.5 50+0.5
P-RGO/PI (5:95) 167.7 £13.7 7.1+0.3 40+0.38
AP-RGO/PI (0.5:99.5)| 163.6 + 4.8 6.6 0.6 6.3+2.1
AP-RGO/PI (1:99) 2114+ 14.1 79+0.7 83+0.9
AP-RGO/PI (3:97) 261.1 +£15.0 9.4+0.9 8.3x0.9
AP-RGO/PI (5:95) 227.6+12.4 9.1+0.1 7.8+0.9
Py-RGO/PI (0.5:99.5) | 527.2 £ 11.6 58.6+1.2 42+0.3
Py-RGO/PI (1:99) 488.0 +11.8 62.8+2.4 32+04
Py-RGO/PI (3:97) 3846+ 119 492+23 3.6+0.1
Py-RGO/PI (5:95) 3299 +17.1 449 +0.6 2.7+0.6
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Table 2. Mechanical properties of the Ternary Pl composites [27]

Sample code Tensile strength Tensile modulus Elongation at break Toughnﬁe;ss
(MPa) (GPa) (%) (MJ m™)

Pristine PI 181.1 £9.1 7.7+0.5 77+x1.1 99+29
Py-RGO/PI (1:99) 388.0 + 36.8 194+04 39+05 144 +2.8
Py-MWNT/PI (1:99) 293.8 £12.6 18.8+1.1 3.6+0.4 9.1+£0.9
Py-RGO/Py-MWNT/PI (0.9:0.1:99) 581.1+72.4 31.7+£0.8 7.8+1.2 29.7+2.1
Py-RGO/Py-MWNT/PI (0.5:0.5:99) 411.2+13.5 31.1+0.7 3505 16.7+1.4
Py-RGO/Py-MWNT/PI (0.1:0.9:99) 2975272 18.5+0.7 29+04 7.5%0.6
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