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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Synthesis of triblock copolymer grafted 
Graphene oxide. 
� Incorporation of the grafted filler into 

the epoxy matrix. 
� Analysis of the micellar nanostructures 

developed using microscopic 
techniques. 
� Correlating the nanostructures devel

oped in epoxy matrix with the improved 
fracture toughness.  
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A B S T R A C T   

Inspired by the mechanical strength produced by Graphene oxide (GO) and Polyethylene Glycol-b-Polypropylene 
Glycol-b-Polyethylene Glycol (TBCP) block copolymer separately in epoxy composites, we have incorporated 
both these materials in the form of a graft (GO-g-TBCP) in epoxy. This idea of exploiting the synergistic effect of 
nanofiller and block copolymer in the form of a graft in the epoxy matrix is a maiden attempt. The grafting 
process was confirmed through FTIR, FTNMR, XPS, XRD and Raman spectroscopy. Both GO-g-TBCP and GO were 
incorporated into epoxy and the mechanical properties of the composites were analysed. The fracture toughness 
showed a tremendous improvement of about 400% without affecting the inherent tensile properties. GO-g-TBCP 
toughened epoxy displayed about 100% improvement in storage modulus and 33% improvement in tensile 
strength. These enhanced properties were explained by probing into the sequential arrangement of the nano
structures into a fractal-like structure with the help of HRTEM and SEM micrographs.   

1. Introduction 

Epoxies are potential thermosets with multidisciplinary applications, 
but the lower fracture toughness retracts its implementation in many 
areas [1,2]. For the enhancement of toughness, various materials are 
employed as a second phase. Elastomers, thermoplastics, organic and 

inorganic fillers and their hybrids are widely used as reinforcements 
[3–8]. Fillers having one of the dimensions in the nano regime have 
replaced these bulk fillers, due to better enhancement in the mechanical 
properties [9–14]. Nowadays, a class of polymers, known as block co
polymers are being employed as toughening agents due to their ability to 
self-assemble as nanostructures in the epoxy matrix [15–17]. These 
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block copolymers can perform a reaction induced microphase separation 
and can self-assemble into different nanostructures like wormlike 
micelle, spherical micelle and vesicle depending on the concentration 
[18–21]. The effective toughening of block copolymers is due to the 
presence of these nanostructures. Nian et al. [22] recently observed that 
worm-like micelle is more capable of enhancing the toughness of epoxy 
than spherical micelle. Block copolymers cause a decrease in tensile 
properties of the epoxy matrix and this is considered as their major 
drawback. Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 
oxide) triblock copolymer (PEO-PPO-PEO) is a widely used triblock 
copolymer (TBCP) due to the reaction-induced microphase separation in 
the epoxy matrix [23–26]. It consists of two homopolymer units ar
ranged in ABA manner, in which PEO is the crystalline epoxy miscible 
end and PPO is the amorphous epoxy immiscible end. The amphiphilic 
nature of this block leads to the formation of different nanostructures in 
the matrix. Larranga et al. [27] prepared PEO-PPO-PEO block copoly
mer/epoxy blends and observed an increase in toughness, but the flex
ural modulus and strength decreased at higher loadings similar to that of 
rubber modified systems. Tang et al. [28] analysed the effect of reactive 
poly (glycidyl methacrylate)-b-poly (propylene glycol)-b-poly(glycidyl 
methacrylate) (GPG) and nonreactive poly(ethylene glycol)-b-poly 
(propylene glycol)-b-poly(ethylene glycol) on the toughness of epoxy 
and observed that the reactive blocks are responsible for the 
well-balanced thermo mechanical properties. Chu et al. [26] confirmed 
the formation of wormlike micelle of PEO-PPO-PEO block copolymer in 
epoxy matrix. The high aspect ratio at an optimal length scale of 
wormlike micelle is responsible for greater toughness than that of other 
nanostructures. Cano et al. [25] considered the influence of concentra
tion of PEO-PPO-PEO in developing the different nanostructured mor
phologies in epoxy matrix. The study showed an improvement in the 
fracture toughness values at 5 wt % of the block with the loss of flexural 
modulus of epoxy because of the plasticizing effect of the block copol
ymer. Parameswaranpillai et al. [29] studied the effect of PEO-PPO-PEO 
on the tensile strength and impact strength of epoxy, and observed an 
improvement only at higher loadings due to the plasticizing nature of 
the block. Thus, the block copolymer enhances the toughness of epoxy at 
higher loadings with compensation of tensile strength. A recent review 
suggests that the incorporation of nanofiller together with block 
copolymer might enhance the properties of the epoxy matrix [30]. From 
the literature it is evident that, simple polymers have been grafted to 
nanofillers to enhance the properties of epoxy [31–33]. This idea could 
be applied to block copolymers also. 

Graphene is efficient reinforcing filler due to the planar sheet like 
arrangement of sp2-bonded carbon atoms in the honeycomb crystal 
lattice. Graphene Oxide (GO), which is more compatible than graphene 
due to the presence of functionalities on the surface, is a better option for 
the grafting process [34,35]. Grafting techniques like ‘grafting to’ and 
‘grafting from’ can be done to graft the block copolymer onto nano
fillers. In the ‘grafting from’ technique, a macro-initiator is first attached 
to the nanofiller by means of covalent interaction and the polymerisa
tion of monomers is brought about on the surface [36,37]. In “grafting 
to” technique, the polymer chains that are synthesised already are 
attached directly to the functional groups present on the surface of the 
nanofillers. The surface must be modified chemically to get appropriate 
functionalities suitable for the grafting process. Gao et al. [38] studied 
the influence of SiO2 grafted copolymer of poly (n-hexyl methacrylate)- 
(poly(glycidyl methacrylate) (PHMA-b- PGMA) in enhancing the me
chanical properties like toughness and tensile strength of epoxy. The 
graft was found to improve the toughness at the expense of the modulus 
and tensile properties [39]. Li et al. [40] considered the combined effect 
of graphene as well as PEO-PPO-PEO as fillers in enhancing the tough
ness without grafting. To the best of our knowledge, this is the first 
attempt of studying the synergistic effect of GO and TBCP block copol
ymer in the form of GO-g-TBCP in enhancing the thermo-mechanical 
properties of epoxy. Though there are several attempts in literature to 
enhance the toughness of epoxy using block copolymer, none of these 

works have reported the grafting of nanofiller on to the block copolymer 
to enhance the properties of the epoxy matrix and hence our earnest 
approach is to bridge this gap in literature. The incorporation of this 
grafted system in the epoxy matrix can tailor the properties of the 
nanocomposite system to make it suitable for high end applications. 

2. Experimental 

2.1. Materials 

Diglycidyl Ether of Bisphenol-A (DGEBA) and curative Diethylene 
Toluenediamine (DETDA) (CAS No:68479-98-1) were provided by 
Aditya Birla epoxy division. Graphite powder of 99% purity, PEG-b-PPG- 
b-PEG triblock copolymer (pluronic @ P-123) of molecular weight 
(Number average) 5,800 and all other chemicals were obtained from 
Sigma Aldrich. 

2.2. Preparation of GO-g- TBCP 

Using commercial graphite as precursor, the filler GO was syn
thesised by following the well-known Hummer’s method [41]. Graphite 
was oxidized by treating it with H2SO4, NaNO3, and KMnO4. H2O2 was 
added to remove the unreacted KMnO4. The product was washed with 
HCl and water and then dried. 

TBCP was grafted onto the surface of GO by ester linkage, after 
acylating GO using SOCl2. The detailed procedure is shown in Fig. 1. GO 
was first acylated by refluxing with SOCl2 and the excess of SOCl2 was 
removed under vacuum. Acylated GO(GO-COCl) was refluxed with the 
block copolymer TBCP in presence of catalytic amount of Et3N under N2 
atmosphere using dry THF as solvent. The solvent was removed, washed 
with THF to remove the unreacted block and then the black solid was 
separated by centrifugation and dried in vacuum. 

2.3. Preparation of epoxy composites 

Epoxy composites with calculated amount of GO and GO-g-TBCP 
loadings were made by dispersing the filler in acetone by means of 
sonication process followed by the incorporation into DGEBA resin. 
After mixing, the free solvent was removed with the help of a vacuum 
pump. Addition of the curative DETDA (DGEBA: DETDA:100:24.4) was 
subsequently followed by pre and post curing at 140 �C and 200 �C 
respectively (Fig. 2). 

3. Characterization techniques 

The grafting of block copolymer onto the surface of GO was 
confirmed by techniques such as Fourier Transform Infrared Spectros
copy (FTIR), Nuclear Magnetic Resonance (NMR) spectroscopy, X-Ray 
Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS) and Raman 
spectroscopy. FTIR experiments were carried out in Perkin Elmer 
Spectrum 2 in ATR mode. Proton NMR was performed using an 800 MHz 
FT NMR instrument in dimethyl sulphoxide. The Raman spectrum was 
taken using Alpha 300 RA Raman from 100 to 3000 cm� 1 using a 532 
nm DPSS-Nd:YAG laser following 10 accumulations. Crystal structure of 
the modified fillers were analysed with the help of X-ray diffractometer 
(PANalytical 3 kW X’pert PRO). Ultra DLD spectrometer was used to 
carry out X-ray Photoelectron Spectroscopic (XPS) analysis using Al Kα 
excitation radiation emitted from Kratos Axis. Scanning Electron Mi
croscopy (SEM) images of the modified filler and fractured surfaces were 
analysed using TESCAN VEGA3 SB. Jeol/JEM 2100 was used to take 
High Resolution Transmission Electron Microscopic (HRTEM) images 
using LaB6 as source. Phase contrast microscopy was carried out using 
CX41 Olympus Phase contrast Trinocular microscope. Atomic Force 
Microscopy (AFM) was carried out using WITec alpha 300RA (WITec 
GmbH, Ulm, Germany) in non-contact mode. 

The tensile strength, modulus and elongation of break of neat epoxy 
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samples were tested using a UTM by following the ASTM standard D638 
(Instron 5984, Instron, USA). The testing speed was maintained at 1 
mm/min and gauge length 100 mm. Dog bone shaped samples of 165�
12:7� 3:2 mm3 were prepared using Teflon mould for this purpose. 
UTM (Instron 5984, USA) was used to measure the fracture toughness of 
the samples at a crosshead speed of 10 mm/min (as per ASTM standard 
D5045). Single edge notch specimens of 50 mm � 10 mm x 5 mm were 
used to measure the fracture toughness. The test results of five samples 
were taken and average was noted in all the cases. The fracture tough
ness is expressed in terms of stress intensity factor (KIC), which is 

calculated using equation (1) [42,43]. 

KIC ¼
L

BW0:5 f ðxÞ (1)  

Where, 

f ðxÞ¼
6x0:5½1:99 � xð1 � xÞð2:15 � 3:93x � 2:7x2�

ð1þ 2xÞð1 � xÞ1:5
(2) 

and L, B, W and a are the load at crack initiation, specimen thickness, 
specimen width and crack length respectively. x is the crack length to 

Fig. 1. Schematic representation of the synthesis of GO-g-TBCP.  
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width ratio. 
Dynamic Mechanical Analyzer (Perkin Elmer) was used to analyse 

the loss modulus, storage modulus and mechanical damping factor of the 
fabricated epoxy samples and experiments were carried out in tension 
mode. The examination was performed from 30 

�

C to 250 
�

C at a heating 
rate of 2 

�

C/min at a frequency of 1 Hz. 

4. Results and discussions 

4.1. FTIR 

The grafting of TBCP onto the surface of GO was confirmed by 
various spectroscopic techniques. Fig. 3a shows the characteristic FTIR 
spectra of GO [44]. The peaks obtained at 1728 cm� 1 and 1050 cm� 1 

confirm the presence of C––O and C–O groups respectively. The broad 
band at 3400 cm� 1 corresponding to OH groups confirm the oxidation of 
graphite. Skeletal vibrations are due to the un-oxidized graphitic parts. 

The peak obtained at about 3400 cm� 1 for the TBCP confirms the 
presence of O–H group. The shift in the characteristic band at 1728 cm� 1 

to 1628 cm � 1 in the GO-g-TBCP also confirms the grafting of GO onto 
the block copolymer [45]. The pronounced peak at about 3400 cm� 1 

seen in the GO-g-TBCP confirms the grafting process. The C–O–C 
stretching vibration obtained for GO-g-TBCP confirms the grafting 
process and the formation of the nanohybrid. 

4.2. NMR 

1HNMR results obtained for the nanohybrid helped to ratify the 
grafting process. The peak obtained at δ ~3.5 ppm is due to the proton 
signal of (-O- (CH2)2–O-) and (-O–CH2–) in the TBCP and the sharp peak 
obtained at δ ~ 2.5 is due to the solvent. The small peak obtained at δ ¼
2.5 ppm is due to the –CH3 in the propylene group of the block copol
ymer. The peak obtained at δ ~4.38 ppm is because of the presence of 
protons in GO. Hence it is evident that the grafting of block copolymer 

Fig. 2. Schematic representation of Synthesis of GO-g-TBCP/Epoxy composites.  

Fig. 3. (a) FTIR and (b)NMR spectra of GO-g-TBCP.  
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onto the GO surface (through the ‘grafting to’ technique) is through the 
–OH group (Fig. 3b). 

4.3. Raman analysis 

Raman spectra were taken in order to further substantiate the 
grafting. There is an increase in the intensity of D band and reduction in 
the intensity of the G band (Fig. 4a) which clearly confirms the grafting 
of block copolymer onto GO. There are two pronounced peaks at 1356 
cm� 1 and 1596 cm� 1 corresponding to D and G band due to the sp2 

carbon and κ-point phonons of A1g symmetry respectively. After the 
grafting of GO with the block copolymer, the intensity of D band is 
increased and that of G band is reduced confirming the attachment of the 
triblock copolymer. This can be further confirmed from the increase in 
ID/IG ratio. The ID/IG ratio of GO is showing an enhancement from 1 to 
1.2 after the grafting process [46]. Another pronounced peak obtained 
for graphite at 2700 cm� 1 corresponds to the 2D band. After grafting the 
nano filler with the block copolymer, the 2D band splits into two, 
showing peaks at 2650 cm� 1 and 2910 cm� 1 respectively. The splitting 
is associated with the splitting of electron dispersion energies and it is 
due to the interaction of neighbouring graphitic planes [47,48]. Hence 
the formation of nanohybrids of GO-g-TBCP is substantiated from the 
Raman spectra. 

4.4. XRD studies 

XRD pattern of graphite depicts a peak at 26.315� which corresponds 
to an interlayer spacing of 0.3384 nm (Fig. 4b) due to the (002) plane. 
After oxidation, the peak is shifted to 9.03� as a result of the increase in 
the interlayer spacing (1.27 nm) due to the functionalization of the 
graphite surface. The peak at 9.03

�

confirms the formation of GO. The 
absence of reflection peak at 26.315� in GO confirms the presence of 
disordered graphitic sheets (Fig. 4c) [49]. The peak at 20� in GO-g-TBCP 

nanohybrid confirms the absence of crystallinity in graphite due to the 
intercalation of TBCP block copolymer into the graphitic layers. As a 
result of intercalation of the block copolymer, the interlayer spacing 
shifts from 0.208 nm to 0.5961 nm. In the case of GO-g-TBCP, the peak 
at 26.315� is completely absent. This clearly indicates the intercalation 
of TBCP in between the graphitic layer and its subsequent exfoliation as 
few layer thick graphene sheets. As a result of exfoliation, the ordered 
structure is lost, and the system now exists as few layer thick interca
lated graphene sheets. By comparing TGA results (Fig. S1) of GO and 
GO-g-TBCP, the graft density of GO-g-TBCP is 1.146 g (i.e. 0.17graft/g). 

4.5. XPS studies 

XPS gives a clear picture of the grafting process. Fig. 5a compares the 
C1s spectra of GO and GO-g-TBCP nanohybrid. From the C1s spectra, the 
peak obtained at 288.82 eV (O–C––O), 286.79 eV (C––O) and the peak 
due to the sp2 carbon atom (284.46eV) confirms the formation of GO 
from graphite (Fig. 5b) [49]. From the XPS data obtained, it is clear that 
the peak obtained at 288.82 eV is shifted to 288.64 in the case of TBCP 
grafted GO and the intensity of the peak is reduced confirming the 
chlorination followed by grafting of TBCP onto it (Fig. 5c). The acylation 
of carboxyl groups of GO is evident from the intensity of the peak at 
288.82 eV. Due to acylation, the –OH of the carboxylic group is con
verted to –Cl and the overall intensity of O–C––O is reduced. This con
firms the acylation using SOCl2. The peak of C––O is shifted to a lower 
region, due to grafting of TBCP which increases the electron density and 
in turn leads to a reduction in binding energy. The increased intensity 
confirms the grafting process. Further, the ratio of the intensity of the 
peak of GO to that of GO-g-TBCP at 284eV is 1.4, confirming the grafting 
of TBCP. Fig. 5d shows the increased oxygen intensity after the grafting 
process. 

The morphology of the graft was analysed using techniques like 
TEM, SEM, AFM and Phase Contrast Microscopy. This helps in giving a 

Fig. 4. Raman and XRD spectra of GO and GO-g-TBCP.  
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clear picture of the grafted surface and helps to identify the arrangement 
of the micellar nanostructures. It is seen from literature that block co
polymers assemble to form worm-like or spherical micelle in the epoxy 
matrix [18,50]. The interesting part of this work is that the grafting 
process itself has initiated the formation of micelle in the filler. The 
HRTEM images of the GO-g-TBCP shown in Fig. 6a, confirms the grafting 
process as well as the arrangement of the micellar structures. It is very 
interesting to note that the grafting process is the driving force towards 
the formation of micelles. This can be clearly understood from the TEM 
images which depict the formation of nanostructured spherical micelles 
having a diameter range of 6–11 nm. Each of the spherical micelle 
contains the grafted GO inside it and this can be observed from the AFM 
images in Fig. 6b. The SEM and phase contrast images (Fig. S2) of the 
nanohybrid confirms the observation obtained from HRTEM and AFM 
analysis. The grafted filler assembles in the form of a spherical micelle 

where GO gets entrapped inside. The grafting of block copolymer onto 
the GO layers enhances the dispersion of GO in acetone, water etc. and 
hence the dispersion in epoxy can be achieved easily. 

4.6. DMA (dynamic mechanical analysis) 

The DMA results show an enhancement in the glass transition tem
perature (Tg). The tan δ curve as shown in Fig. 7a shows an increase in 
Tg. As the loading increases, there is an increase in Tg, due to the higher 
crosslinking density of the polymer chains. The presence of two peaks in 
tan δ curve obtained for the grafted filler loaded epoxy is due to the 
existence of different polymer networks. The presence of TBCP in the 
epoxy network in the form of a graft is responsible for the additional 
peak in the tan δ curve. The second peak is attributed to the plasticizing 
effect of TBCP (Fig. 7c). In the case of obtaining two different peaks, the 

Fig. 5. (a) XPS spectra of GO and GO-g-TBCP, (b) C1s spectra of GO (c) c1s spectra of GO-g-TBCP, (d) O spectra of GO and GO-g-TBCP.  

Fig. 6. HRTEM and AFM images of GO-g-TBCP.  
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higher Tg value, will have to be taken into consideration. The obtained 
results were compared with that of toughened epoxy GO composites and 
it was observed that the Tg values first increases and then decreases in 
both the cases. The increase in Tg is due to the confinement of epoxy 
chains onto the surface of nanosheets and thus it reduces the chain 
mobility and works like a physical interlock. Moreover, the functional
ities over the filler can also take part in the curing process and thus 
enhance the Tg value [51]. Higher loadings of filler lead to aggregation 
and badly effects the confinement leading to a reduction in Tg [52]. The 
same trend is observed for GO-g-TBCP toughened epoxy composites. 
Generally, block copolymers do not have a pronounced effect on Tg. The 
PEO and the mobile PPO part of the TBCP generally reduces the Tg due 
to less crosslinking [53,54]. Hence as the loading of the graft increases, 
the Tg shows a reduction. But the reduction is not in so prominent due to 
the combined effect of GO and TBCP. 

The storage modulus of the epoxy (Fig. 7b,d) is tremendously 
improved by the addition of both the fillers. 0.1 wt% graft loaded epoxy 
composites show an overall improvement of about 100% in storage 
modulus, whereas it is only 51.42% in the case of GO alone toughened 
system. 

Crosslink density ν is calculated by equation (3) [55,56], 

ν¼ Er

3RTr
(3)  

Where Tr is the temperature above Tg, Er is the storage modulus corre
sponding to Tr obtained from DMA data and R is the real gas constant. 
The calculated crosslink density has a unit of mol/m3. The obtained 
results are tabulated in Table 1. Molecular weight between crosslinks 
(Mc) was also determined from the DMA data. Molecular weight be
tween crosslinks was calculated using equation (4) [57]. 

MC ¼
3RTrd

Er
(4)  

Where d is the polymer density. The results show that the incorporation 

of GO as well as GO-g-TBCP reduces the crosslink density. Decreased 
crosslink density is associated with increase in Tg value. The reason 
behind the increased Tg with decreased crosslink density is due to the 
restricted mobility at the interface due to the attractive interactions 
between the epoxy and the nanoparticle. This is due to the disruption of 
the crosslinking network by the nanoparticle [58]. Similar observation is 
obtained for GO-g-TBCP incorporated epoxy as well. In all the cases, the 
lower crosslink density is associated with higher Mc values. Toughen
ability of the epoxy composite is increased with decrease in crosslink 
density and is in accordance with the literature results [59]. 

4.7. Fracture toughness 

The results obtained while analysing the fracture toughness were 
exciting and the improvement in toughness was superior to that ob
tained for GO and block copolymer alone in the epoxy matrix. The GO-g- 
TBCP, functioned efficiently and synergistically as a reinforcement than 
GO and the block copolymer in individual form. The incorporation of GO 
as well as the GO-g-TBCP enhances the toughness of epoxy to a greater 
extent, but it is noteworthy that the grafting of block onto GO makes it a 
more efficient filler without diminishing the inherent elastic properties. 
GO enhances the toughness to about 255.24% at 0.1 wt%, whereas at 

Figure 7. (a) and (b) Tan δ and Storage modulus of GO/Epoxy composites, (c) and (d) Tan δ and storage modulus of GO-g-TBCP/epoxy composites obtained from 
DMA analysis. 

Table 1 
Glass transition temperature obtained from DMA.  

Filler Loading (wt 
%) 

Tg 
(
�

C) 
Crosslink 
density(ν) 

Molecular weight b/w 
crosslinks (Mc) 

GO 0 168 3820.962 0.0001 
0.1 190 1982.293 0.0002 
0.3 170 2444.297 0.0002 
0.5 184 1528.529 0.0003 

GO-g- 
TBCP 

0 168 3820.962 0.0001 
0.1 200 2032.927 0.00004 
0.3 185 2505.862 0.0005 
0.5 185 2052.715 0.0009  
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higher loadings toughness decreases due to the agglomeration of GO as 
shown in Fig. 8. As the loading of GO-g-TBCP increases, the fracture 
toughness keeps on increasing and a maximum of 400% improvement is 
obtained. When compared to neat epoxy, the development of micelle in 
the GO-g-TBCP filled epoxy system is responsible for the toughness 
enhancement. After an extensive bibliographic review, none of the 
studies with block copolymer has shown such an enhancement in 
toughness as reported in the present work. When Larranga et al. [23] 
used the same block copolymer for toughening the epoxy matrix, the 
toughness of the system increased with the addition of 20% of the block 
copolymer with a decrease in the tensile strength and flexural proper
ties. Li et al. [40] observed only a 1.7 fold improvement in toughness of 
epoxy composites by using graphene and Poly (ethyl
ene-alt-propylene)-b-(poly ethylene oxide) in the un-grafted form. 

The improvement in toughness of the present work can be explained 
by the gigantic micellization of GO-g-TBCP with in the epoxy matrix 
during the curing process as observed from TEM images. For lower 
loadings of the graft, the micelles formed were of spherical shape and 
they form caterpillar like aggregates. As the concentration increases, the 
filler self-assemble into wormlike form and transforms later into octopus 
like gigantic aggregates having wormlike micellar tentacles. The epoxy 
gets trapped inside the aggregates which act as barriers for crack 
propagation. The improvement in toughness is tabulated in Table 2. The 
enhancement of toughness obtained in the present work is compared 
with the already reported works and is presented in Table 3. 

4.8. Tensile strength 

The tensile strength of GO grafted epoxy composites shows a steady 
improvement with filler loading. Usually, the triblock copolymer, due to 
its plasticization effect reduces the tensile strength of epoxy composites 
[60]. But as we grafted the soft TBCP with more stiff GO, the fracture 
toughness as well as the tensile properties showed an improvement. As 
the loading of the grafted filler increases, the effect of GO starts to act 
together with micellization and aggregation leading to the formation of 
octopus like gigantic aggregates [61,62]. At higher loadings, the nano
filler content present in the graft increases and it nullifies the negative 
effect on tensile properties. 

Thus for 0.5 wt% of GO-g-TBCP, the improvement in tensile strength 
is about 32.7%. For the same loading of GO, the improvement is only 
24.96%. Thus it is evident that grafting enables GO to exhibit superior 
mechanical properties in the epoxy matrix (Table 2) due to the devel
opment of nano structures [63]. 

4.9. Morphology of GO-g-TBCP in epoxy 

The morphology of the epoxy composites as well as the enhancement 
in toughness can be monitored and explained in detail with the help of 
high resolution TEM images. It can be seen from Fig. 9a that for the neat 
epoxy there is no micelle formation. As the graft is incorporated into the 
matrix, they start to aggregate into micelle. In the case of lower loadings, 
the grafted filler self-assembles to form spherical micelle due to the 
amphiphilic nature of TBCP. Epoxy-phobic PPG and epoxy-philic PEG 
will self-assemble due to reaction induced phase separation and form 
spherical micelle which contains the grafted GO with PEG as core and 
the epoxy-phobic PPO as corona. But as loading increases, the micelle 
aggregates to form caterpillar, worm and finally transform into octopus 

Fig. 8. Fracture toughness of GO/Epoxy and GO-g-TBCP/Epoxy.  

Table 2 
Mechanical properties such as fracture toughness and tensile strength of GO and 
GO-g-TBCP toughened epoxy.  

Filler loading (wt%) Fracture Toughness (KIC) 
(MPam1/2) 

Tensile Strength (MPa) 

GO GO-g-TBCP GO GO-g-TBCP 

0 1.43 � 0.2 1.43 � 0.1 42.3 � 0.1 42.3 � 0.0 
0.05 3.90 � 0.2 3.93 � 0.2 49.3 � 0.1 41.3 � 0.2 
0.1 5.08 � 0.11 3.99 � 0.2 51.4 � 0.1 39.8 � 0.1 
0.3 4.53 � 0.1 4.60 � 0.3 46.3 � 0.1 45.03 � 0.1 
0.5 2.72 � 0.1 7.12 � 0.1 52.86 � 0.1 56.13 � 0.1  

Table 3 
Fracture toughness in comparison with existing polymer/GO toughened epoxy 
systems.  

Polymer grafted GO 
system in epoxy 

Block copolymer/ 
GO in epoxy 

Toughness 
obtained 

Reference 

GO-g-PAA  87% Sahu et al. 
[64] 

GO-g-CTBN  128% Konnola et al. 
[65] 

GO-g-DGEBA  26% Wan et al. 
[66] 

GO-g-HPEEK  31% Katti et al. 
[67] 

GO-g-PEG  334% Jayan et al. 
[68]  

GO/PEO-PPO 170% Li et al. [40]  
rGO/PCL-PPC-PCL 60% Liu et al. [69]  
GO-g-PEG-PPG-PEG 400% Current 

result  
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like arrangements (fractal structures) as shown in Fig. 9. As octopus 
formation (higher loadings) is due to the aggregation of GO-g-TBCP, the 
enhancement in toughness will be much higher than that observed for 
the spherical ones (lower loadings). As reported by researchers, the 
fractal structures are very effective in enhancing the crack strength as 
well as residual loading capacity of composites [70]. These hierarchical 
arrangements lead to complex geometry due to the interlocked topog
raphy [71–73]. Hence the aggregates that are forming fractal structures 
in the epoxy resin contribute towards the enhancement in fracture 
toughness and tensile strength. 

SEM images of the fractured surface give idea about the toughening 
mechanism. The plane fracture surface of the neat system (Fig. 10 a,d,g) 
confirms the brittle fracture and thereby shows the poor toughening in 
neat epoxy. In the case of GO loaded system, the crack deflection and 
crack pinning are visible from the SEM micrographs (Fig. 10 b,e,h). 
Coarseness, ditches and parabolic features in the micrographs help in the 
identification of the toughening mechanism. The grafted filler shows 
much higher toughness than the other systems due to the combined 
effect of crack deflection, cavitation, crack pinning and particle pull out. 

From Fig. 10 c and 10f and 10 i, the mechanism of toughness can be 
identified evidently as debonding followed by particle pull out. Cavi
tation and debonding mechanisms arise due to the presence of micelle in 
the epoxy matrix. The secondary mechanisms like crack deflection and 
interlocking further enhances the toughness [16,74]. Compared to 
spherical micelle at lower loadings, wormlike micelle formed at higher 
loadings possess a higher diameter and hence shows better enhancement 
in toughness [75]. 

5. Conclusion 

PEG-b-PPG-b-PEG triblock copolymer was successfully grafted onto 
the surface of GO, by the ‘grafting to’ technique. The arrangement of 
graft in the form of micelle is confirmed through surface analysis tech
niques like SEM, TEM and AFM. The graft produced an enhancement of 
about 400% in toughness, 100% in storage modulus and 33% in tensile 
strength. This improvement produced in the mechanical properties can 
be attributed to the formation of octopus like aggregates with tentacles 
as confirmed by HRTEM. The toughening mechanisms are explained 

Fig. 9. HRTEM images of ultra-microtomic cross sections of (a) neat epoxy, (b) 0.1 wt% of GO-g-TBCP toughened (c) 0.5 wt% of GO-g-TBCP toughened epoxy.  

Fig. 10. SEM images of the fractured surface of neat, GO/Epoxy, GO-g-TBCP/epoxy at 50 μm (a, b, c), 10 μm (d, e, f) and 1 μm (g, h, i).  
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using the SEM micrographs. The DMA of the system also confirms the 
enhancement in the mechanical properties of the system. The 
enhancement of toughness in the epoxy matrix via the incorporation of 
specifically fabricated micellar structures in the form of nano filler 
grafted block copolymer would definitely enhance the utility of epoxy in 
high end applications. 
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