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Abstract

The mechanical and thermal properties of epoxy amigs were improved by using
poly(allyl amine) (PAA) grafted graphene oxide (G&) a toughening agent. The GO was
first converted to GO-COOH where all the hydroxybgps on the basal plane were
converted to COOH containing groups. GO-COOH wastesl with PAA to yield GO-g-
PAA. The effect of PAA grafted GO nanosheets dgrél on mechanical and thermal
properties of aerospace grade epoxy was studiedxyEpanocomposites containing
graphene oxide (GO) and GO-g-PAA nanosheets wérgcéded by incorporating 0.35 to
1.4 wt% of filler. GO-g-PAA modified epoxy nanocoogites showed excellent
improvement in flexural, compression and fracturepprties compared to neat epoxy and
GO modified epoxy. Fracture toughness increasem 994 MPa i’ for neat epoxy to
1.75 MPa it (87%) for epoxy nanocomposites modified with 0.2anf GO-g-PAA
nanosheets. The temperature for 5% weight loss ethalrastic improvement of 24 °C for

epoxy nanocomposites modified with 0.7 wt% of GBAA nanosheets. The examination
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of fractured surfaces of modified epoxy nanocomntegsshowed better interaction of GO-
g-PAA nanosheets with epoxy compared to GO nantshee
Keywords: Polymer-matrix composites, Fracture toughn@sgrmosetting resin, Nano-

structures.

1. Introduction

Epoxy composites have created a niche for itseHferospace and automotive industries.
Epoxy, in the form of carbon fiber reinforced polra (CFRP), is used in structural parts
of aircrafts. Boeing 787 and Airbus 350 have adedngolymer composites which make
~50% of the total material used in the aircrafte Tisselage i.e. main body of these aircrafts
is made of epoxy-based composites. Bifunctionalxegsoi.e. epoxy resin having two
terminal epoxy functionalities, have lower thermaald mechanical properties hence only
tetrafunctional epoxy polymers are used for faltiiicaof structural parts of an aircraft.
Tetrafunctional epoxy polymers have four functiogedups which result in higher degree
of crosslinking. The glass transition temperaturg) ©f tetrafunctional epoxy polymers
varies from 200-280 °C which is much higher thae Ty of conventional bifunctional
epoxy polymers. However, due to high degree ofstisng of tetrafunctional epoxy
polymers, the structure becomes extremely rigid mohe to fracture in the presence of
manufacturing defects. Hence, improving the fraetoroperties of multifunctional epoxy
polymers is significantly important.

Graphene and its modified forms have been explagténsively for improving

mechanical[1-4] and thermal[5, 6] properties of x@p@olymers due to their unique



properties such as high strength[7], thermal prigeer(~5000 W it k1)[8], electric
properties (mobility of charge carriers-200,000°af)[9] and superior specific surface
area (2630 mgY)[10]. Excellent improvement in fracture propertils14] has been
reported using extremely low weight percent of gepe and GO. Due to the presence of
oxygen functional groups on GO, it has good conydési with epoxy polymer as these
groups are capable of forming chemical bonds wpibxg matrix.

Despite being chemically compatible with epoxy,péision of the GO nanosheets in
epoxy is a challenge. GO does not disperse welvéakly polar solvents which are
compatible with epoxy. Hence, functionalization@® helps in overcoming the issue of
dispersion of GO in suitable solvent. Many researelstudied the effect of epoxy[6, 15],
silica[16, 17] and amine[15, 18-22], functionaliz&lD and graphene for improving
mechanical properties of epoxy. Various amine fionetlized[23-30] molecules have been
grafted onto GO for improved mechanical and thempnaperties of epoxy nanocomposites.
In all covalent modifications, molecules are at&tlonly to the edges of GO sheets. In the
functionalization reaction, amide linkage is formedcause of reaction between amine
groups of the functionalizing molecule and carbaxgicid groups of GO. This is because
of the presence of carboxylic acid groups only te edges of GO (Lerf-Klinowski
model[31]) which results in restricted functionalibn with amine groups containing
molecules on edges of GO nanosheets[23-30]. Haheeadhesion of sheets to epoxy
matrix is limited which results in weaker interlaocg between epoxy and filler. The
presence of amine groups on the surface as welhdbhe edges is expected to result in a

stronger interface and better reinforcement of gp@nocomposites.



In the present study, GO nanoplatelets have beddifiga with poly(allyl amine) (PAA)
which has a higher density of amine groups per cubéecompared to conventionally used
bifunctional amine molecules. This helps in formatof larger number of chemical bonds
between epoxy and amine functionalized GO. GO nlatelpts have been modified such
that it results in presence of carboxylic acid g®@COOH) at their basal plane. Carboxyl
functionalized GO (GO-COOH) is formed after coniregtepoxy groups of GO basal plane
to carboxyl groups, using chloroacetic acid andiwsadhydroxide[32]. This ensures the
presence of amine groups at the basal plane anohhptt the edges of GO. The presence
of COOH at the basal plane and grafting of PAA pady chain with high number of amine
groups improved the dispersion and interaction betwfunctionalized GO and epoxy
matrix. The GO-g-PAA modified epoxy showed excdllenprovement in mechanical and
thermal properties of epoxy nanocomposites comp&wedoth GO modified and neat

epoxy. The filler-matrix interaction was studiedfbgctographic analysis.
2. Materialsand Methods
2.1 Materials

Natural flake graphite (45 um) and Poly(allyl amimgdrochloride) (PAA, Mw 56000)
were purchased from Sigma-Aldrich Co. (USA)N-dicyclohexylcarbdiimide (DCC), N-
hydroxysuccinimide (NHS), Sulfuric acid §50,, 98%) and Hydrochloric acid (HCI, 35%
in water) were purchased from Sisco Research Lamea (SRL) Pvt. Ltd. (India).
Sodium hydroxide (NaOH), Chloroacetic acid (CKCHDOH), Potassium per magnate
(KMnQOy), Hydrogen peroxide (#D,, 30%), sodium nitrate (NaN{p and Triethylamine

(TEA) were purchased from S. D. Fine-Chem Ltd. idhdEpoxy,N,N,N',N-tetraglycidyl-



4,4-methylenebisbenzenamine (TGDDM, Araldite MY 72Indacuring agent 4,4-
diaminodiphenylsulfone (DDS, Aradur 9664) were pased from Huntsman Advanced
Materials (Huntsman Corporation, USA). Double algeed Milli-Q water (Millipore,

Billerica, MA, USA) produced in the lab was usedlhthe experiments.
2.2 Synthesis of GO-COOH

Graphite oxide was synthesized by oxidizing natuyedphite flakes by following
modified Hummers method[33]. Briefly, 1 g of grajghoxide was added to a 250 ml of DI
water. The mixture was sonicated for 2 h to extelilne GO sheets from graphite oxide
platelets. Then, 23 g of NaOH and 20 g of Chlorbaaid was dissolved in 40 ml of DI
water separately. The GO suspension was mixed Ma@H and Chloroacetic acid[32].
The mixture was stirred for 3 h at room temperatlitee GO agglomerated in the presence
on NaOH. Then, precipitate was collected by camngrifg the mixture. The final product
was washed with DI water and ethanol several tii8€3-COOH obtained as a result of the

reaction was dried at 50 ° for 12 h.
2.3 Synthesis of GO-g-PAA

GO-COOH (0.8 g) was dispersed in DI water (120with the aid of bath sonication for
0.5 h. Then, 0.4 g of PAA was dissolved in 25 mDdfwater in a separate beaker. GO-
COOH suspension and PAA solution were transfewegDO ml round bottom flask and the
mixture was stirred for 0.5 h. TEA (2.5 ml) was addo the mixture. To the mixture, 0.4 g
of EDC and 0.2 g of NHS were added and refluxe®#bh at 70 °C. The reaction product
was collected by centrifuging the mixture. GO-g-PABtained as reaction product was

washed several times with DI water and ethanol. grbduct was dried at 50 °C for 24 h.



2.4 Fabrication of Epoxy/GO and Epoxy/GO-g-PAA nanocomposites

GO-g-PAA nanosheets were dispersed in ethanol @@nihusing bath sonication for 2
h. In a separate beaker, epoxy was heated up € 8dth continuous stirring to reduce its
viscosity. GO-g-PAA nanosheets suspension was atllezboxy and the mixture was
stirred at high speed to ensure homogeneous distibof the nanosheets. To get rid of
the residual solvent, the epoxy mixture was keptaouum oven for 12 h at 90 °C. Then,
epoxy mixture was heated at 120 °C with stirringl atoichiometric amount of curing
agent was added. The mixture was subjected tospgkd stirring for uniform distribution
of the curing agent. To get rid of the air bubbietsoduced during high speed stirring,
epoxy mixture was degassed in vacuum oven at 9for@ h. Finally, the epoxy mixture
was poured in preheated mold and cured at 150 P@Hp180 °C for 2h and 200 °C for 2
h. Epoxy nanocomposites containing 0.35, 0.7, &@®% 1.4 wt% of GO-g-PAA and GO

nanosheets were fabricated. Neat epoxy samplesfalaieated for comparison.
2.5 Characterization methods

The morphology of GO, GO-g-PAA and fractured epsaynples from the mechanical
tests were analyzed using Scanning Electron MiopsdSEM, FEI Sirion XL30 FEG,
FEI, Oregon, USA). Samples were coated with 10 micktlayer of gold coating to impart
conductivity. The difference in morphology of GO daicO-g-PAA was studied by
Transmission Electron Microscopy (JEOL 2000 FX-EM, JEOL, Akishima, Tokyo,
Japan). Nanosheets were dispersed in water withelpeof sonication and a drop from the
obtained suspension was casted on a carbon coategri@ Samples were dried and

desiccated prior to analysis. FTIR spectra of GAARNd GO-g-PAA were recorded on



Thermo-Nicolet 6700 FTIR spectrometer (Thermo FHish8cientific, Waltham,
Massachusetts, USA) in 400-4000 tmegion. Powdered samples were incorporated in
KBr discs for the analysis. Thermal stabilities@D, GO-g-PAA and epoxy/GO-g-PAA
nanocomposites were studied by performing thernaeigretric analysis (TGA) on a
NETZSCH STA 409 (NETZSCH-Geratebau GmbH, Selb, Geryh 5-10 mg of samples
were heated from room temperature to 800 °C atrabe of 10 °C mitt under Argon
atmosphere. X-ray powder diffraction was condudtedtudy the difference in the crystal
structure of GO and GO-g-PAA. The measurement veaslected at a scan speed of 2°
min” between 5-80° using X-Pert PRO (PANalytical, Almg@ihe Netherlands) equipped
with Cu Ko tube. Raman spectra of GO and GO-g-PAA were obtaom a LabRAM HR
(Horiba Scientific Ltd, Kyoto, Japan) equipped w4 nm laser. Dynamic mechanical
analysis of epoxy nanocomposites was done on a @Gplexor 500N (NETZCSH Gabo
Instruments GmbH, Ahlden, Germany). Samples withetisions 5 x 2 x 45 niwere
used. The samples were subjected to 3-point bestd vath the frequency of 1 Hz and
temperature varied from 30 °C to 330 °C at the o&t® °C min'. Compression testing was
performed according to ASTM D695 with a Zwick/RowWgL00 machine (Zwick Roell,
Ulm, Germany). Samples with cylindrical geometiewing diameter 6.9 mm and length
10.4 mm were used for the testing. Cross-sectiaresd of each sample was polished with
P4000 grade emery paper to remove the mold impiiiNg replicas of each sample were
tested, and the average value was reported. Flepnuaaerties of the nanocomposites were
tested by performing 3-point bend tests on a ZwRkwell Z100 (Zwick Roell, Ulm,
Germany) by following ASTM D790. Samples with dirs@ms 48 x 3 x 12 minwere

used. Five replicas of each composition were testéacture toughness of the



nanocomposites was obtained by performing singlge eabtch bend test according to
ASTM D5045. Rectangular samples with dimension ® %148 mni were tested on

Zwick/Rowell 2100 (Zwick Roell, Ulm, Germany). A tah watch induced by machining
and natural crack was grown in each sample by mwgppirazor blade pre-cooled in liquid

N,. Fracture toughness {8 was calculated using the following relationship.

Kic = 2 f(a/W) (1)

Where Rax is the maximum load of the load-displacement cutWeis the width of the
sample, B is the thickness of the 3-point bend $angmd a is the length of the pre-crack.

f(a/W) is a geometry dependent function given bipfaing equation.

99-X(1-%)(2.15-3.93x+2.7X)]

F(2) = 6x1/2[1 99-x(1-x)(2.15-3.93x+2.7 )

(W) (1+2x)(1-x)3/2 ( )
Six replicas of each composition were tested aadtierage value was reported.

3. Resultsand Discussion

3.1 Synthesis and characterization of GO and GO-g-PAA

GO synthesized via Hummers method has carboxylpgr@cid groups at the edges. To
induce the presence of carboxyl groups on the laaé of GO, it was modified with the
help of NaOH and chloroacetic acid[32]. NaOH pregdhe necessary basic condition for

the reaction. The reaction between GO and chlotimaaeid converts hydroxyl groups of



the basal plane of GO to COOH groups. COOH groupsent at the basal plane of GO-
COOH helps in grafting of PAA chains through forrnatamide bonds. PAA was chosen
to modify surface of GO as it contains high densityamine groups per polymer chain.
This helps in formation of greater number of chaxhizonds between epoxy and amine
functionalities of GO. This leads to better intekimg and stronger interface between GO
and epoxy matrix. The bulky nature of PAA chainsoalhelps in prevention of
agglomeration of sheets due to van der Waals foaoesng GO nanosheetsgure 1(a)
shows the schematic diagram of synthesis of GO-CQ@H GO-g-PAA.Figure 1 also
shows incorporation of GO-g-PAA nanosheets in epoarix.

The morphology of GO and GO-g-PAA nanosheets wasatterized by SEM. Figure 2
(@) and (b) show SEM micrographs of GO and GO-g-P#&8pectively. High level of
wrinkles and folding of sheets observed in SEM ogcaph of GO-g-PAA indicates higher
level of defect formation due to presence of PAAl@noles. The nanosheets appear well
exfoliated in case of both GO and GO-g-PAA. Figie(c) and (d) shows TEM
micrographs of GO and GO-g-PAA. GO nanosheets haydy transparent structure due
to their few atom thick structure. However, GO-gAAanosheets appear less transparent
which could be attributed to the presence of buRIBA polymeric chain on the surface of
GO-g-PAA nanosheets.

FTIR spectroscopy was conducted to confirm the gbarin chemical structure of GO
after functionalization. Figure 3 (a) shows the RBpectra of GO, PAA and GO-g-PAA
nanosheets. The absorption bands appear at 1036@f®-C stretch), 1622 ci(C=C
stretch), 1727 cih (C=0 stretch) and 3347 ¢h{O-H stretch) for GO which confirm the

oxidation of graphite carried out by modified Hunmrfeenethod. FTIR spectrum of PAA



shows characteristic peaks of N-H stretch of amineups at 3427 cth The peaks
corresponding to N-H symmetrical and asymmetriaichare observed at 1615 tamd
1510 cm' respectively. The peak for C-H stretching of tterbon backbone of PAA
polymeric chains is observed at 2935 tnFTIR spectrum of GO-g-PAA shows
characteristic peaks of both GO and PAA. The charestic peak of N-H stretching is
observed at 3428 ch

The difference in the interplanar spacing of greghtO and GO-g-PAA was studied by
XRD analysis. Figure 3 (b) shows the XRD spectrgraiphite, GO and GO-g-PAA. For
natural graphite, the peak at 26.2° observed fo2)@orresponds to interplanar spacing of
about 0.34 nm. However, the interplanar spacingwsha significant increase due to
expansion of (002) planes by introduction of selverygen containing functional groups
during formation of GO. This is confirmed by apmeare of (002) peak at 10.6° for GO
which corresponds to interplanar spacing of abd® @m. GO shows significant reduction
in the intensity of (002) peak accompanied withaolening of peak, compared to graphite.
This could be attributed to the reduction of thegstallite size due to exfoliation of sheets.
GO-g-PAA was expected to show further increasenfarplanar spacing due to anchored
chains of PAA. This was confirmed by XRD spectrufn GO-g-PAA as (002) peak
appeared at 10.2° that corresponds to an intenpkpacing of 0.87 nm. The intensity of
the (002) peak also showed a drastic reductionpaaét showed further broadening which
could be attributed to the reduction in the crygeakize due to exfoliation owing to the
presence of PAA chains on the surface of GO. Lairgerplanar spacing, decrease in the
intensity and broadening of peaks suggest sucddssfctionalization of the PAA chains

onto GO nanosheets.



Raman spectra of graphite, GO and GO-g-PAA are shiowFigure 3 (c). Graphite
shows a very weak band at 1352temd a strong band at 1580 trnThese correspond to
D and G band respectively. D band arises from halsale defects and edge of graphitic
structure whereas G band arises from radial C-€tcéting mode associated with?sp
hybridized carbon atoms of honeycomb lattice. Stheedefects in the natural graphite are
less compares to GO, the intensity of the D bangdraphite is very low compared to GO
and GO-g-PAA. GO shows significant increase in thnsity of D band indicating
introduction of defects in the lattice due to distm of the bonds. It is well documented
that ratio of intensity of D and G bankh/{c) depicts the extent of defects in the GO and
modified GO. Compared to GO, thg/ls value of GO-g-PAA shows slight increase from
0.98 to 1.03 which could be due to enhanced deieatg to the formation of new bonds
between GO and PAA molecules.

Thermogravimetric analysis was conducted to furtt@mfirm the functionalization of
GO with PAA. Figure 3 (d) shows the TGA curves fpaphite, GO and GO-g-PAA.
Graphite consists of tightly packed layers of &gbridized carbon. Hence the thermal
stability of graphite is high. Graphite gets oxelizat temperatures as high as 700 °C. As
expected, graphite showed high thermal stabilitp@sveight loss took place until 700 °C.
However, GO showed 20% weight loss at 129 °C ardkwent rapid weight loss at 145
°C due to loss of oxygen functionalities such as&d COOH. GO-g-PAA showed a 50%
weight loss at 410 °C which is 114 °C higher thaat for GO. This could be attributed to
functionalization of PAA chains onto GO by replagimxygen functionalities. PAA

molecules being a polymer have higher thermal ktybas compared to oxygen



functionalities. Hence, Higher thermal stability @G0D-g-PAA compared to GO indicates

successful functionalization of GO with PAA.
3.2 Thermal stabilities of Epoxy/GO and Epoxy/GO-g-PAA nanocomposites

Figure 4 (a) and (b) shows the TGA results of EpBXY, Epoxy/GO-g-PAA
nanocomposites and neat epoxy. The key data idlist Table 1. All the fabricated
samples show similar thermal decomposition behasgothe major weight loss takes place
in a single step in the temperature range 300-@&0 he results show that thermal stability
of epoxy nanocomposite is significantly affectee doli the presence of both GO and GO-g-
PAA nanosheets. The temperature for 5% weight (6s%) shows significant increase for
loading up to 1.05 wt% in case of GO and GO-g-PAdédified epoxy nanocomposites.
The incorporation of GO and GO-g-PAA beyond 1.0%owWeads to Fo, values similar to
that of neat epoxy. For example, maximum improvemien Tsy, Was obtained by
incorporation of 0.7 wt% of GO and GO-g-PAA. Epomydified with 0.7 wt% of GO
showed 39 °C increase insd, whereas epoxy modified with 0.7 wt% GO-g-PAA showed
23 °C increase in dy,compared to neat epoxy. Similarly, incorporatiorldf> wt% of GO
showed 28 °C increase ins,and incorporation of GO-g-PAA showed 22 °C improeain
in Ty, compared to neat epoxy. GO modified epoxy nanocaitgs show maximum
improvement in Ty at 0.7 wt% and exhibit a 10 °C decrease when l@a@infurther
increased to 1.05 wt%. This could be attributedettuction in the extent of distribution of
GO sheets in epoxy matrix. However, GO-g-PAA medifiepoxy nanocomposites show
similar improvement in Fy, for 0.7 and 1.05 wt% (Table 1). This could be htited to

uniform distribution and improved interaction of @=PAA nanosheets with epoxy even at



loading as high as 1.05 wt%. The results show #m@txy nanocomposites exhibit
significant improvement in thermal properties orarporation of GO and GO-g-PAA
nanosheets. This improvement in thermal stabiltmdd be attributed to the barrier effect
of GO and GO-g-PAA owing to their robust structarel large aspect ratio. The GO and
GO-g-PAA nanosheets restrict the volatilization paflymer network which delays the

thermal degradation process.
3.3 Dynamic mechanical analysis

High Ty and undisputed excellent mechanical performanedeav of the major reasons
for tetrafunctional epoxies to be one of the maostdupolymer matrices for reinforced
composites in aerospace industry. Hence, it istimiost importance that improvement in
mechanical properties is not achieved at the doteomal properties like in case of rubber
toughened epoxy polymers. To ensure that the tHepraperties of the GO-g-PAA
modified epoxy nanocomposites are as good as terldbn unmodified epoxy, dynamic
mechanical analysis was conducted. Figure 5 (drolvs the plots of variation of storage
modulus and tand as a function of temperature for epoxy and modifiepoxy
nanocomposites and the key data is listed in Tabl@he storage modulus values at
temperatures belowyTof the nanocomposites indicates the extent ofostement by the
filler. Clearly, incorporation of GO does not affethe storage modulus of the
nanocomposites to a noticeable extent as seemgurd=b (a). The storage modulus of GO
modified epoxy nanocomposites for all the composgishow values similar to neat epoxy
for temperatures ranging from 150 °C to 200 °C. Tdrgest improvement of 25 % in

storage modulus was observed at 250 °C for eporgamanposite with 0.35 wt% of GO



compared to neat epoxy. Epoxy nanocomposites neadifiith GO-g-PAA nanosheets
show significant improvement in storage modulus temperature range both below and
above T, Figure 5(c)). The storage modulus of epoxy nanguusite modified with 0.7
wt% GO-g-PAA showed 34% improvement at 150 °C camgdo neat epoxy. Similarly,
Epoxy/GO-g-PAA (0.7 wt%) showed 36% and 56% improeat in storage modulus at
200 °C and 250 °C respectively compared to neakyep®he extent of improvement
decreases when GO-g-PAA loading is increased beydnd wt%. However, the
improvement in the storage modulus observed for g3@AA modified epoxy is
significantly higher than that for GO modified egoand neat epoxy. The increase in the
storage modulus is attributed to restriction of iigbof the polymeric chains due to
formation of larger number of chemical bonds betw&®©-g-PAA and epoxy owing to the
presence of PAA chains as connecting links. Whereasase of GO the covalent bond
formation is restricted to only edges of GO shegiss is due to presence of COOH groups
only at the edges of the sheets. Hence GO sheetmach less efficient in providing a
barrier to movement of epoxy molecular chain. Foe tanalysis of glass transition
temperatures of modified and unmodified epoxywas taken as the maximum peak value
of tand versus temperature curves (Figure 5 (b) and @)).modified epoxy exhibitedgT
values similar to that of neat epoxy up to loadafd).7 wt%. Figure 5 (b). /shows a
minor increase of ~3 °C for epoxy modified with GERAA nanosheets. None of the
fabricated compositions of GO-g-PAA modified epgotymers showed reduction iny &s
seen in Figure 5 (d). This could be attributedetnicted conformational changes of epoxy

chains owing to the presence of GO-g-PAA nanoshieeiitated by extensive covalent



bonding via PAA linker chains. This restricted nootiof epoxy chains delays the glass

transition compared to neat epoxy.

3.4 Mechanical properties of Epoxy/GO and Epoxy/GO-g-PAA

nanocomposites

3.4.1 Compressive and flexural properties

Figure 6 (a) and (b) show the representative stressus strain curves of compression
tests for Epoxy/GO and Epoxy/GO-g-PAA nanocompssitespectively. The strain at
break shows an improvement of ~20 % for epoxy medifwith low loading of GO
nanosheets (0.35 and 0.7 wt%) compared to neatyef@oxy nanocomposites modified
with higher loading (1.05 and 1.4 wt%) of GO shotrai® at load comparable to neat
epoxy. The strain at break shows 75% increase poxye modified with GO-g-PAA
nanosheets compared to neat epoxy. This couldtieustd to well dispersed GO-g-PAA
sheets which are covalently anchored via PAA linkeatins to epoxy by its edges as well
as basal plane. The dangling chains of PAA makeploxy-GO interlocking less rigid and
allow easy flow of matrix under compressive loatie Tcompressive strength versus filler
content plot in Figure 6 (c) shows that GO modifiedoxy nanocomposites exhibit
maximum improvement of 19% in compressive strergtHoading level of 0.7 wt%.
Incorporation of GO sheets beyond 0.7 wt% leadtopressive strength values similar to
neat epoxy. This could be due to reduction in tlepeatsion level of GO sheets in the
absence of any bulky groups to prevent agglomeraifosheets inside polymer matrix at
higher loading levels. Contrary to this, GO-g-PAAodified epoxy nanocomposites

showed significant improvement in compressive prioge for all the compositions



compared to neat epoxy. The maximum improvementcompressive strength was
observed for epoxy nanocomposites modified withh @6 of GO-g-PAA nanosheets. On
incorporation of 1.4 wt% of GO-g-PAA nanosheetsluction in the extent of improvement
is observed. However, even at higher level of logdbof GO-g-PAA, compressive
properties show significant improvement compareddat epoxy and GO modified epoxy.
The striking difference in the compressive behawioGO and GO-g-PAA modified epoxy
could be attributed to the degree of dispersiomarfosheets and extent of interaction of
nanosheet with epoxy matrix. GO-g-PAA owing to firesence of PAA molecules with
compatibilizing amine groups at basal plane andesdglows better bonding with the
matrix. This results in better load transfer durcgnpressive loading of epoxy samples.
The bulky nature of PAA polymeric chains also praseagglomeration upon incorporation
of GO-g-PAA nanosheets at high wt% (1.05, 1.4 wt@&]D nanosheets in the absence of
bulky groups on its basal plane leads to agglonmerain epoxy matrix. Hence, GO
modified epoxy nanocomposites show saturationaatitg of 1.0 wt% or more.

Flexural properties also showed similar behavierG® modified epoxy nanocomposites
showed improvement up to 0.7 wt% loading of GO msaeets. GO-g-PAA modified
epoxy nanocomposites showed improvement for alttmepositions as shown in Figure 6
(d). GO modified epoxy nanocomposites showed maminimprovement of 41% in
flexural strength for loading of 0.7 wt%. Howevepoxy nanocomposites showed drastic
decrease in flexural strength value when loading>6f was increased beyond 0.7 wt%.
Epoxy nanocomposites modified with 0.7 wt% of G®HA nanosheets showed
maximum improvement of 43% in the flexural strengthich was maintained up to

loading levels of 1.05 wt%. However, the extentimprovement in flexural strength



showed decrease from 40% for 1.05 wt% to 10 % fdrwt% loading of GO-g-PAA
nanosheets. The significant improvement in flexyr@perties of GO-g-PAA nanosheets
modified epoxy nanocomposites could be attributed(i} intrinsic high strength and
flexibility of GO-g-PAA sheets, (ii) improved fillematrix interaction due to presence of
covalently bonded PAA chains leading to strongéerfaces and (iii) uniform distribution

even at loading as high as 1 wt%.
3.4.2 Fractureproperties

Fracture properties of Epoxy/GO and Epoxy/GO-g-Rfehocomposites were studied by
performing single edge notch bend (SENB) test. féigl (a) shows typical load versus
displacement curves of fracture toughness testadat epoxy, Epoxy/GO nanocomposites
and Epoxy/GO-g-PAA nanocomposites for selective pasitions. Clearly, GO-g-PAA
modified epoxy nanocomposites withstand higher $oeaimpared to GO modified epoxy
nanocomposites and neat epoxy. (b) compares tbrifeatoughness values of neat epoxy,
GO and GO-g-PAA modified epoxy nanocomposites. Nepbxy exhibits fracture
toughness of 0.94 MPa 1. Incorporation of 0.35 wt% of GO results in 43%riase in
Kic compared to neat epoxy. The improvement on fuith@easing loading of GO to 0.7
wt% remains similar to that of 0.25 wt% loading.h@&t research groups have reported
similar results and have shown that unfunctiondlia® shows improvement only up to
loading ????[34-36]. However, with addition of G&ybnd 0.7 wit% sharp decrease in
extent of improvement is observed. This is wellomgd that GO modified epoxy
nanocomposites show improvement with loading of @pQo 0.5 wt% and show saturation

or degradation of fracture properties on additibis® sheets beyond this level[1, 12, 37-



39]. Addition of GO-g-PAA nanosheets at 0.35 wt%whad significant improvement of
80% compared to neat epoxy. The fracture toughhetiser showed 87% improvement
with incorporation of 0.7 wt% of GO-g-PAA nanosheeThis level improvement was
maintained on addition of GO-g-PAA nanosheets atlilg as high as 1.4 wt%. This
improvement could be attributed to (i) robust nataf GO-g-PAA nanosheets, (ii) better
interlocking owing to the presence of compatibilgziPAA chains GO-g-PAA nanosheets,
(iif) improved adhesion of GO sheets to epoxy mabwing to the presence of PAA chains
at basal plane and not only at the edges andr{igjaved dispersion of GO-g-PAA due to
presence of bulky polymeric chains on the basahelahich inhibits agglomeration at
higher loading level in epoxy matrix. The toughgnmechanism of graphene is similar to
silica like rigid materials. Graphene provides sger interfaces and resists crack
propagation. There are mainly two mechanisms faghening of epoxy by graphene as
suggested by S. Chandrasekaeanal[40]. One of the mechanisms includes crack pinning
and the other involves crack deflection. Crack pigrresults in bifurcation of crack front
and crack grows on either side of the graphenetshibe two crack fronts meet ahead of

the graphene sheet resulting in uneven fracturdecsai

The poor toughening effect and saturation of imprognt at relatively low loading of
GO could be attributed to absence of compatibidjzgmoups on the surface of GO which
leads to poor adhesion of sheets to epoxy matroar Ridhesion leads to relatively
ineffective load transfer during mechanical loadivigjch is reflected in comparatively low
fracture toughness values of GO modified epoxytirdao GO-g-PAA modified epoxy at

similar loading levels.



3.4.3 Study of Fractured Surfaces

Fractographic analysis was performed by scanniagtreln microscopy to find out the
extent of interaction of GO and GO-g-PAA nanosheéts epoxy matrix. Figure 8 shows
SEM micrographs of cross-sectional areas of fracklwamples of epoxy nanocomposites.
It can be seen in Figure 8 (a) and (b) that neakygamples have a highly smooth and
uniform surfaces characteristic of a brittle fa@uFigure 8 (c) and (d) show the surface
morphology of fractured samples of Epoxy/GO (0.38o)vand Epoxy/GO-g-PAA (0.35
wt%) respectively. It can be observed that bothghmples show highly rough and non-
uniform surfaces which results in high load at tfuae for modified samples. However, a
closer look at the Epoxy/GO (0.35 wt%) shows stdckieeets of GO embedded in epoxy
matrix. This could be due to poor dispersion of @Dethanol which leads to poor
exfoliation and hence dispersion of multilayered &@ets in epoxy. However the fracture
toughness value for Epoxy/GO (0.35 wt%) is stilltéethan neat epoxy. Although GO is
poorly exfoliated and dispersed, the GO sheetstdteable to make the interface stronger
to withstand higher level of mechanical loading][44s seen in Figure 8(d), Epoxy/GO-g-
PAA (0.35 wt%) shows good adhesion of GO-g-PAA rsmeets to epoxy matrix as there
are no lose sheets visible. For higher loading Of &d GO-g-PAA nanosheets in epoxy,
Figure 8 (e-j), epoxy samples with GO-g-PAA nanetteshow more uneven morphology
compared to neat and GO modified epoxy nanoconmgsosithis could be attributed to
better interlocking between epoxy and GO-g-PAA rueets owing to the presence of
PAA chains which helps in formation of larger numbé covalent bonds between GO-g-

PAA and epoxy. Another reason could be enhancegttsfructure in GO sheets due to the



presence of bulky PAA chains all over its surfadecl give rise to enhanced wrinkly-like
structures in the fractured surfaces. When thekcpropagates, wrinkled surface of sheets
adhering strongly to epoxy matrix, interrupts thac& growth which results in more
tortuous path for crack propagation. Thus, higfsdues Kc of GO-g-PAA modified epoxy
compared to GO modified epoxy at higher loadinglg\could be explained by stronger
chemical bonding of GO-g-PAA nanosheets with epmatrix and better exfoliation of
GO-g-PAA in solvent assisted mixing leading to lgleffective volume of GO-g-PAA

nanosheets in epoxy matrix.
4. Conclusions

In this work, a new strategy for synthesizing anfumgctionalized GO was demonstrated
which improves the extent of interaction of GO d@sdadhesion to epoxy matrix. GO was
converted to GO-COOH and further functionalizedwRAA to yield functionalization on
the basal planes and edges of GO. Using basal plenationalized GO as toughening
agent lead to significant improvement in comprassftexural and fracture properties of
epoxy nanocomposites. The addition of 1.05 wt% &f-§PAA nanosheets resulted in
50%, 40% and 76% improvement in compressive stherfgxural strength and fracture
toughness respectively, compared to neat epoxy. thieenal properties also exhibited
noticeable improvement as the.J value showed increase of 24 °C on incorporatiod. 6f
wt% of GO-g-PAA nanosheets. The storage modulug5at °C, which is near gTof the
material, showed excellent improvement of 56% Vaith wt% of GO-g-PAA nanosheets.

The SEM analysis of fractured surfaces revealedd gexfoliation, better adhesion of



nanosheets with the matrix and absence of loosetsité GO-g-PAA in epoxy matrix

which could be attributed to functionalization oDGvith PAA using a different strategy.
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Figure 8: SEM fractographs of the neat epoxy (a, b) and camposites (c, d) 0.35 wt%,

(e, ) 0.7 wt%, (g, h) 1.05 wt% and (i, j) 1.4 wBhEpoxy/GO and Epoxy/GO-g-PAA.
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