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poxy: the effect of GO-based
complex structures on mechanical performance

Ivan Kelnar, * Alexander Zhigunov, Ludmila Kaprálková, Sabina Krejč́ıková, Jǐŕı Dybal
and Miroslav Janata

The application of nanofillers (NFs) in multicomponent polymer systems is accompanied by important

structure-directing effects that are more marked in partially miscible systems, such as polymer-modified

epoxy. This study deals with rubber-modified epoxy using different combinations of GO and

amine-terminated butadiene-acrylonitrile copolymer (ATBN), including in situ and pre-made grafting.

Moreover, GO grafted via planar epoxy groups or solely edge-localized carboxyls was used. It is shown

that the grafted ATBN chains promote the assembly of GO-g-ATBN into nacre-mimicking lamellar

structures instead of usual exfoliation in thermoplastics. This complex structure of elastically embedded

GO leads to the best mechanical performance. It is obvious that a small concentration of the grafted

polymer exceeds the contribution of a higher concentration of separately added ATBN. The results

highlight the important effect of the degree of grafted chains and geometry of the internal structure of

the self-assembled arrays and their effect on the mechanical performance.
Introduction

Extensive research for upgrading epoxy systems based on gra-
phene and graphene oxide (GO) has so far been predominantly
oriented towards the application of unmodied carbon nano-
platelets (CNs) or their modication with low-molecular-weight
compounds.1–4 These mainly include various amines, including
amine-based curing agents.5–7 The reason is that fair rein-
forcement is mostly also accompanied by a certain improve-
ment in toughness. Recently, several studies dealing with
polymer modier/CN combinations bringing higher gain in
toughness and thus better balanced properties have also been
published. These include the combination of various CNs with
pre-made, mostly crosslinked rubbery particles, including
recycled rubber.8–11 In such systems, the structure-directing
effects of CN12,13 affect the reaction-induced phase separation
(RIPS) and thus, the structure cannot be utilized. Consequently,
the role of CN is limited to the elimination of the negative
effects of elastomer-based modiers on the modulus only.
Recently, the fair effectiveness of inorganic nanollers, such as
organophilized montmorillonite (oMMT), in inuencing the
RIPS-generated structures, including the formation of complex
morphologies, has been reported.14–16 In the case of CN with
considerably higher structure-directing potential and easy
covalent modications, including the graing of polymer
chains, their effect on the structure and even the formation of
complex morphologies in thermosets has not been studied
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practically yet. Moreover, polymer chain-graed GO with
surfactant-like parameters has fair ability of forming nacre-like
structures.17 The existing studies include the application of
larger less-reactive graphite nanoplatelets (GNPs) in combina-
tion with polyethersulfone and liquid rubbers.18–20 On the other
hand, GO was applied for the upgradation of epoxy modied,
e.g., with a sulfonated block copolymer (ionomer)21 and poly-
sulfone.22,23 The high structure-directing effect, which can be
accompanied by the formation of effective complex structures,
can be anticipated, especially in the case of the application of
polymer chain-modied CN. Recently, this has also been
demonstrated for polymer chain-intercalated oMMT.14,15 In the
case of CN, GO graed with a carboxylated butadiene acrylo-
nitrile copolymer was studied by Konnola.24 In spite of the
apparent formation of a lamellar structure, this aspect was not
discussed and was reported as enhanced exfoliation and inter-
face in comparison with more agglomerated structures in the
case of neat GO addition. Analogous results without the
appropriate corresponding discussions were presented for
polyurethane-graed GO,25 hyper-branched polyamide,26 and
polyester-graed GO.27 On the contrary, only separate disper-
sion and agglomeration at higher concentrations were found
with polysiloxane-modied GO.28 Few other analogous
studies,29–33 including the application of GO in epoxy-based
anticorrosive coatings,34 did not deal with the morphological
evaluation. Generally, unlike low-molecular-weight amphiphilic
compounds where the self-assembly can be relatively well
described by thermodynamic considerations,35,36 correlations
based on the modelling using molecular simulations are mostly
done in the case of more “bulky” compounds, such as polymer-
RSC Adv., 2020, 10, 11357–11364 | 11357
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graed nanoparticles.37,38 For instance, simulations of dissipa-
tive particle dynamics38 indicate important effects of the aspect
ratio, graed chain length, and number of graed chains on the
type of structures formed.

Therefore, the present work is oriented towards highlighting
some basic aspects of different GO/ATBN combinations,
including the concentration and geometry of graed chains on
the performance of the epoxy structure.
Experimental
Materials

Diglycidyl ether of bisphenol A (DGEBA)-based epoxy resin;
Epilox A19-02, epoxy equivalent weight 185–200 g, m.w. 396 g
mol�1 (Leuna-Harze GmbH, Germany); amine-terminated
butadiene-acrylonitrile copolymer (Hypro 1300X16 ATBN)
amine equivalent weights of 900 (Nanoresins AG, Germany).
Cycloaliphatic amine hardener 4,40-methylenebis(2-
methylcyclohexylamine) Laromin C260 (BASF SE, Germany).

Graphene oxide (GO) was prepared from graphite akes
(Graphite Týn, Czech Rep.) using modied Hummers'
method.39 Briey, 4 g of the graphite akes was added to
a mixture of 95 mL concentrated sulphuric acid and 2 g NaNO3.
12 g of KMnO4 was slowly added to the mixture placed in an ice
bath. Then, the mixture was heated at 35 �C for 100 min.
Subsequently, 184 mL of water was slowly added, the tempera-
ture exothermally increased to �95 �C and was kept there for
15 min. Aer cooling, 420 mL of water with 5 mL of 30% H2O2

was added. Aer decanting, the residue was washed with
a mixture of water, 35% HCl, and ethanol using centrifugation.
The oxygen concentration was �40%. To achieve delamination,
the nal �2% water suspension was sonicated using Bandelin
200W sonicator with 30% amplitude for 15 min.
Fig. 1 FTIR spectra of ATBN-grafted GO.
Preparation of ATBN-graed GO

Plane-modication of GO with ATBN using epoxy groups
(GO-g-ATBNplane). A dioxane suspension (75 mL) of graphene
oxide (0.2 g) was placed in a round bottom ask equipped with
a magnetic stirrer, thermometer, and distillation head with
a calcium chloride trap. Dioxane (150 mL) was added. To
remove traces of remaining water, the suspension was reuxed
and the water–dioxane azeotrope was continually removed.
Subsequently, the solution of ATBN (10.1 g) in dioxane (100 mL)
was added. The mixture was then reuxed for 8 h. Unreacted
ATBN was removed by centrifugation in combination with
ltration.

Edge-modication of graphene oxide with ATBN using
carboxyls (GO-g-ATBNedge). A toluene suspension (28 mL) of
graphene oxide (0.2 g) was placed in a round bottom ask
equipped with a magnetic stirrer, thermometer, and distillation
head with a calcium chloride trap. Toluene (150mL) and thionyl
chloride (20 mL) were added. The mixture was reuxed for 6 h
and then le under stirring at room temperature for another
16 h. To remove the unreacted thionyl chloride, the mixture was
reuxed, toluene was gradually added, and the toluene–SOCl2
azeotrope was continually removed. This treatment also
11358 | RSC Adv., 2020, 10, 11357–11364
eliminated the epoxy groups (Fig. 1). Subsequently, a solution of
ATBN (5 g) in toluene (100 mL) was added. The mixture was
then reuxed for 7 h and le under stirring at room temperature
for another 17 h.

Edge ATBN modication of GO with butylamine-blocking of
the epoxy functionality (GO-g-ATBNedge+BA). An aqueous
suspension (30 mL) of graphene oxide (0.3 g) was placed in
a round bottom ask equipped with a magnetic stirrer and
reux condenser. Water (30 mL) and butylamine (5 mL) were
added. Themixture was stirred at 70 �C in an oil bath for 7 h and
then le under stirring at room temperature for another 17 h.
The suspension of laminated graphene oxide was then centri-
fuged to remove the unreacted butylamine and to replace water
with acetone, followed by toluene. The subsequent SOCl2-
promoted edge graing of ATBN proceeded analogously to the
previous case. Unreacted ATBN was removed by centrifugation
in combination with ltration and by washing of the lter cake
in all cases.

Epoxy samples preparation

This was performed by using a rotary mixer with an evacuated
chamber. Epoxy was mixed with acetone or dioxane suspen-
sions of GO and GO-g-ATBN at 80 �C for 120 min under vacuum
to remove the solvent. Aer cooling to room temperature, the
curing agent was added and the mixing proceeded for 5 min
more. The GO concentration of 0.2% was, in all the systems,
related to neat GO. The concentration of added ATBN was 5% in
all the cases. The samples for tensile testing (dog bone with
18 mm long working part, type 1BB) and bars (6 � 3.3 � 64
mm3) for non-notched Izod impact testing were prepared by
casting in silicone moulds. The curing cycle consisted of 15 h at
room temperature, 2 h at 70 �C, and 6 h at 120 �C.

Testing

Tensile tests were carried out at 22 �C using an Instron 5800
apparatus at the crosshead speed of 1 mm min�1. At least
eight specimens were tested for each sample. The stress-at-
break, sb (variation coefficient < 2%), elongation at break, 3b
(variation coefficient < 5%), and Young's modulus, E (varia-
tion coefficient < 6%), were evaluated. The impact strength
(IS) was measured using a Zwick hammer with energy of 4 J
This journal is © The Royal Society of Chemistry 2020
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(variation coefficient 10–12%). The reported values are aver-
ages of ten measurements.

Dynamic mechanical analysis (DMA) was done in the single-
cantilever mode using a DMA DX04T apparatus at 1 Hz and
a heating rate of 1 �C min�1 in the range from 25 to 250 �C.
Scheme 1 Simultaneous conversion of carboxyl groups and the
elimination of epoxy functionality of GO to get the precursor for edge
grafting of ATBN.
Characterization of structure

ATR FTIR spectroscopy. Infrared spectra of MC and its
composites with HEC and GO were measured using an FTIR
spectrometer (Thermo Nicolet Nexus 870) purged with dry air.
The spectrometer was equipped with a liquid nitrogen-cooled
MCT (mercury cadmium telluride) detector and a Golden Gate
single reection ATR sampling accessory (Specac, Ltd.) with
a diamond internal reection element. The ATR FTIR spectra
were recorded with a resolution of 4 cm�1; 256 scans were
averaged per spectrum. Aer subtraction of the spectrum of
atmosphere, the baseline was corrected and an advanced ATR
correction was applied using the FTIR control soware OMNIC.
The nal spectra were normalized for better comparison.

Wide-angle X-ray diffraction (XRD). Diffraction patterns were
obtained using a high-resolution diffractometer (Explorer, GNR
Analytical Instruments, Italy). The instrument was equipped
with a one-dimensional silicon-strip detector (Mythen 1K,
Dectris, Switzerland). The samples were measured in the
reection mode. The Cu Ka radiation (wavelength l ¼ 1.54 �A)
was monochromatized with Ni foil (b lter). The measurements
were done in the range of 2Q ¼ 5–40� with a step of 0.1�. The
exposure time at each step was 10 seconds.

Electron microscopy. Scanning electron micrographs of the
fracture surfaces were obtained using a Vega (Tescan) scanning
electron microscope. For transmission electron microscopy
(TEM), ultrathin (60 nm) sections were cut using an Ultracut
UCT (Leica) ultramicrotome.
Fig. 2 XRD patterns of the dried sample drops deposited on a glass
substrate.
Results and discussion
Parameters of ATBN-graed GO

The goal of the GO modications was to achieve the plane or
edge localization of the attached ATBN chains. This is based on
the Lerf–Klinovski model40 considering the dominant presence
of epoxy groups in the plane area of GO, whereas the carboxyls
are localized at the edges. From FTIR evaluation (Fig. 1) of
thoroughly washed lter cakes, it follows that the concentration
of ATBN in GO-g-ATBNedge+BA obtained by the reaction of ATBN
with edge-localized carboxyls of GO modied by the reaction of
epoxy groups with BA (to avoid plane-graing) exceeds the
amount of ATBN graed using plane localized epoxy groups.
This result indicates that the concentration of epoxy function-
ality (utilized for graing) is most probably lower than that of
carboxyls. Based on the elemental analysis, the concentration of
graed ATBN in GO-g-ATBNedge+BA was �55%. Another type of
edge functionalization was obtained by thionyl-chloride acti-
vation of carboxyls in unmodied GO. Herein, the evolved HCl
led to the simultaneous elimination of epoxy groups (Scheme 1).
As a result, only the edge graing also occurs (GO-g-ATBNedge).
In this case, according to FTIR and TGA, the amount of attached
This journal is © The Royal Society of Chemistry 2020
ATBN was approximately lower by 20% (not shown). From
Fig. 1, it further follows that the band at 990 cm�1, indicating
the epoxy functionality, is overlapped by the ATBN peaks. At the
same time the concentration of the characteristic amide units
corresponding to edge graing is apparently below the resolu-
tion limit of the FTIR. Therefore, only the indirect indication of
plane/edge graing based on the expected selective reactivity41

of different groups (epoxy and –COCl) of GO could be applied.
Some differences in the spectra in Fig. 1 may be caused due to
the interactions of GO with dioxane.42 At the same time, the
band at 1080 cm�1 for GO-g-ATBNedge+BA (and GO-g-ATBNedge)
samples indicates sulphite formation caused by the SOCl2
reaction with GO.

The XRD patterns (Fig. 2) of different GO-g-ATBN (in the dry-
state, prepared by dipping of solvent dispersed on a glass
surface) indicate the same position of the rst peak (2Q¼ 7.72�)
for both GO-g-ATBNplane and GO-g-ATBNedge+BA samples, which
corresponds to the interlayer distance of 11.44 �A. The peak
width is changing, which indicates larger ordered stacks of
modied GO in case of the sample with edge-attached GO (GO-
g-ATBNedge+BA), whereas the peak area is larger for the plane-
coupled ATBN sample. The almost 24% increase in the peak
area should be directly proportional to the amount of modied
GO involved in the domain formation.

The intense peak at 2Q ¼ 26.52 corresponds to the graphite
(002) peak with the interlayer distance of 3.36 �A.43 It is accom-
panied by a small peak at a slightly larger 2Q value. The peak of
a similar character appears during the milling processing.44
RSC Adv., 2020, 10, 11357–11364 | 11359
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In the case of GO-g-ATBNedge, the lower amount of edge-
graed chains together with the unmodied plane area of GO
changes the structural morphology drastically. The molecules
are well-packed into a ne-ordered structure. In the measured
2Q range, the peaks were detected at the 2Q positions ¼ 12.42�,
19.86�, 24.28�, 25.96�, 28.32�, 36.32�, 40.34�, and 42.61�.

We consider that the differences found correspond to the
self-assembling ability determined by the adduct structure,
especially, the different degree and geometry of graing.

Unfortunately, we were not able to directly conrm the
geometry (localization) of the graed ATBN; some indirect
indication is the undoubtedly different morphology of the
respective lamellar arrays in epoxy (see below). The same is valid
for a low concentration of graed BA, which is undetectable by
FTIR.

Effect of ATBN-graed GO on the structure

The TEM images of epoxy (Fig. 3a–c) containing all the types of
pre-made GO-g-ATBN indicate the dominant formation of
lamellar structures by self-pinning mechanism15 in comparison
Fig. 3 TEM images of lamellar arrays formed in the epoxy containing
(a) GO-g-ATBNplane (b) GO-g-ATBNedge (c) GO-g-ATBNplane+BA (d)
GO-g-ATBNplane + 5% ATBN (e) GO-g-ATBNedge + 5% ATBN (f) GO-g-
ATBNplane+BA + 5% ATBN; white arrows show the examples of ATBN
domains.

11360 | RSC Adv., 2020, 10, 11357–11364
with the dispersion of single platelets in the case of unmodied
GO. The formation of layered structures is apparently promoted
by the amphiphilic surfactant-like structure of the GO-g-ATBN
adducts together with their favourable geometry.37,38 This fact
also corresponds to the well-known tendency of different
platelet–polymer combinations to form nacre-like arrays.12 The
TEM images also indicate the different morphology of the
arrays that depend on the graing geometry and degree,
including BA coverage. Fig. 3a shows that plane modication
leads to the most marked distance between the GO platelets,
i.e., the most distinct elastomeric interlayer. In the both cases of
edge bound ATBN, a denser lamellar structure with a less
marked rubbery interlayer was created. In the case of lower
extent of edge graing and unmodied plane area of GO,
marked branching of this more “tight” lamellar structure was
found (Fig. 3b). Fig. 3c shows that the higher extent of edge
graing combined with BAmodication of the plane area of GO
leads to a different type of denser lamellae, probably also with
a changed alignment type.

At the same time, the creation of ordered structures also
seems to be supported by the reduced solubility of ATBN in
epoxy with increasing molecular weight during crosslinking,
i.e., by reaction-induced phase separation (RIPS). Generally, this
leads to the formation of larger domains; the formation of bulky
ordered arrays can be considered as analogous to phase sepa-
ration. The hypothesis of formation of these structures, at least
in the early stage of RIPS (by reduced solubility of ATBN), seems
to be supported by the incorporation of rubbery domains into
lamellar structure in the case of simultaneously added ATBN
dissolved in uncured epoxy (see below). In other words, the
formation of lamellar arrays and the phase separation of ATBN
seems to proceed simultaneously.

From the above results, it follows that polymer modication
of GO does not lead to better exfoliation but to some kind of
a thermodynamically more advantageous lamellar structure.
Scheme 2 Effect of grafting geometry on the morphology of lamellar
arrays (a) GO-g-ATBNplane (b) GO-g-ATBNedge (c) GO-g-ATBNedge +
ATBN.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 XRD patterns of neat epoxy and its composites.
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The array formed can also be described as some kind of a rigid-
tough nacre-like structure. Fig. 3d–f show that the lamellar
structure is created also in the case of combination of added
ATBN and GO-g-ATBN. But the changed morphology indicates
a certain effect on the formation of the lamellar structure by
dissolved ATBN. This leads, especially in the case of plane-
graed ATBN, to the formation of a different lamellar struc-
ture, probably with less favourable parameters (see below).
Fig. 3b and c also indicate that simultaneous phase separation
of the elastomer and the formation of lamellar arrays (due to
RIPS) may lead to a structure with partial incorporation of the
elastomer in the case of GO with both types of edge ATBN
functionalization (Scheme 2).

Effect of separate GO + ATBN addition on the structure

In the case of separate GO and ATBN addition directly to the
epoxide, the presence of inclusions together with the lamellar
structures apparently indicates the in situ formation of GO-g-
ATBN. The adduct structure/degree of graing is most probably
different from the pre-made GO-g-X16 adduct, which may lead
to different morphology of the lamellar structure. From
comparison of Fig. 3d and 4a, it is obvious that the structure is
similar to that of the plane-graed GO-g-ATBN + 5ATBN system,
where the added ATBN affects the formation of the lamellar
structure (see above). In the case of reduced GO (rGO), in situ
graing does not occur, which apparently leads to the forma-
tion of a less “organized” structure of the blended inclusions
(Fig. 4b). A similar kind of blended inclusions were also found
in the case of the GO-g-BA + ATBN combination (not shown).

XRD

Fig. 5 indicates that all the XRD patterns of the epoxy nano-
composites look similar. These are the typical spectra observed
for epoxy.4 The absence of a characteristic peak of GO could be
explained by the exfoliation (or also GO concentration below
resolution limit of XRD). With respect to the shape of the broad
peak at 10� < 2Q < 27�, we supposed the superposition of several
peaks. The set of three Gaussian peaks describes the shape
quite well. Aer peak decomposition, just minor differences
between the peak parameters and thus, between the chain
organization in the samples, were detected. The example of
decomposition is shown in the neat epoxy sample. As a result, in
Fig. 4 TEM images of epoxy with separately added components (a)
GO + ATBN (b) rGO + ATBN.

This journal is © The Royal Society of Chemistry 2020
the case of the epoxy with the lamellar structure formed by GO-
g-ATBNplane, we can consider that its concentration is insuffi-
cient for XRD evaluation. Therefore, the dimensions of the
elastomeric “interlayer” could be indicated by TEM only. This
limitation originates from the fact that the goal of this study was
to highlight only the effect of low GO concentration on the
performance of epoxy.
Dynamic mechanical analysis

The evaluation of glass transition temperature of epoxy (Table 1
and Fig. 6) shows a slight increase due to the addition of GO.
This indicates that the immobilization effect of GO probably
eliminates the possible disturbance of the epoxy network
formation by the reaction of the amine-hardener with the epoxy
groups of GO. This negative effect of GO is conrmed by higher
Tg in the case of rGO and BA-modied GO (similar �3 �C
increase over GO); here, the reinforcing effect without a negative
effect on the curing can only be considered. In the case of epoxy
containing GO-g-ATBN-based lamellar structure, a slight
decrease in the Tg probably corresponds to presence of the
elastomer-formed interface on the surface of the arrays
(together with the analogous interlayer between the GO plate-
lets). The addition of 5% ATBN decreases the Tg, comparably for
both the GO + ATBN and GO-g-ATBN + ATBN systems. The
Fig. 6 Temperature dependence of loss modulus of the epoxy
systems.

RSC Adv., 2020, 10, 11357–11364 | 11361
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Fig. 7 SEM images of the fracture surfaces of the samples broken by
a impact hammer (a) epoxy (b) Ep. + 0.2GO-g-ATBNplane (c) Ep. + 0.2
GOred + 5ATBN (d) Ep. + 0.2GO + 5ATBN.

Table 1 Mechanical properties and Tg for epoxy with different GO/ATBN combinations

Composition E (MPa)
sb
(MPa) 3b (%) IS (kJ m�2) Tg (�C)

Epoxya 1730 71 6 6.8 155.8
+0.2GO 2190 73 4.9 9.5 160.2
+5ATBN 1670 70 7.4 19 155.6
+0.2GO + 5ATBN 1990 72 5.4 14 157.2
+0.2rGO + 5ATBN 2040 65 5.3 9 159
+0.2(GO-ATBN)plane 2230 75 5.2 14.2 160.1
+0.2(GO-ATBN)edge 2090 73 6.1 12.8 161
+0.2(GO-ATBN)edge BA 2070 71 4.9 9 160
+0.2GO-ATBNplane + 5ATBN 2050 71 6.1 13.4 158.4
+0.2GO-ATBNedge + 5ATBN 1980 73 6.5 10.4 159
+0.2GO-ATBNedge BA + 5ATBN 1950 71 7.1 12 155

a The GO-g-ATBN concentration is related to neat GO (concentration of GO platelets is the same in all the systems).
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relatively low negative effect of added ATBN on Tg corresponds
to a low decrease in the Tg due to ATBN in the epoxy system.

Mechanical properties

The results in Table 1 indicate that, in agreement with other
studies, the addition of neat GO leads to enhanced modulus (E)
and strength (sb), and a slight gain in the toughness (IS) of epoxy.
Similar mechanical parameters were also found for the rGO-
modied epoxy. The data in Table 1 further implies that the
best-balanced mechanical performance is for the epoxy with low
concentration of the lamellar structure formed by GO-g-
ATBNplane with plane graing using epoxy functionality, i.e., the
structure with the most marked elastomeric interlayer (Fig. 3a).
Its strength and stiffness exceed those achieved in all other GO/
ATBN combinations, whereas the toughness is close to that of
epoxy modied with ATBN only. At the same time, the edge-
functionalized GO-g-ATBN with a denser lamellar structure
leads to slightly worse mechanical performance, especially the
toughness. This drop in the toughness was more marked for GO-
g-ATBNedge+BA with a higher extent of graing and BA “coverage”
of the GO plane. This most probably corresponds to the expected
different alignment type of the GO platelets (Fig. 3c).

These results indicate an important effect of the morphology
of the lamellar structure on the mechanical performance,
especially on the impact energy absorption. Our results, espe-
cially the relative increase in E and IS with epoxy/(GO-ATBN)plane
with respect to the neat epoxy, exceed those of the related study
of Konnola.24 Unfortunately, as mentioned above, this work
does not contain discussions of the structure formed. Table 1
further suggests that the combination of GO-g-ATBNplane with
5% added ATBN impairs the mechanical parameters, including
a slight decrease in the toughness. This corresponds to the ex-
pected ATBN-induced formation of a less favourable structure
of lamellar arrays in the case of plane graed GO (Fig. 3d). The
drop in the toughness also occurs in the case of edge modied
GO-g-ATBN, in spite of the incorporation of rubber inclusions
into the lamellar structure. This means that this modication of
the lamellae apparently cannot eliminate the negative effect of
the tighter lamellar structure. The only exception occurs in the
11362 | RSC Adv., 2020, 10, 11357–11364
case of GO-g-ATBNedge+BA with higher concentration of edge
modication and plane-attached BA. Herein, a certain increase
in the toughness apparently corresponds to the apparent
elimination of less favourable alignment by ATBN, together
with the incorporation of rubber inclusions into the lamellar
array (Fig. 3f).

Similar mechanical parameters were obtained in the case of
simple GO and ATBN addition. This fact well corresponds to the
similar lamellae/inclusions structure (Fig. 4a). Finally, the weaker
properties, especially the toughness, of epoxy with the rGO +
ATBN combination are apparently a consequence of the impos-
sibility of in situ graing and thus the absence of GO-g-ATBN,
which allows the formation of less favourable blended inclusions
(Fig. 4b) only. This fact also conrms the advantages of the
lamellar structure. The fact that the drop in E due to ATBN
addition to GO-modied epoxy is not verymarked corresponds to
surprisingly low reduction in these parameters by mere ATBN
addition to the selected epoxy system (Table 1).
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 TGA of the epoxy systems.
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The fracture behaviour was further described by SEM
observation of the fracture surfaces of the samples broken in
the impact testing.

Fig. 7a shows the smooth pattern of the fracture surface of
neat epoxy, which is in contrast with the higher extent of plastic
deformation and increased crack surface area due to crack
deection and pinning45 in the samples with GO/ATBN-based
modications. These changed rough patterns, indicating
higher impact energy absorption capacity, are most marked for
the systems with a lamellar structure (Fig. 7b), especially GO-g-
ATBNplane. The smoother surface of the sample containing rGO
and ATBN with less effective structure of blended inclusions is
of importance (Fig. 7c). These observations well correspond to
the toughness values in Table 1.
Thermogravimetric analysis

The results of TGA characterization in Fig. 8 imply enhanced
thermal stability of epoxy in all the cases of GO-based modica-
tion. The combination GO + ATBN (separate addition) leads to
slightly lower stability. The comparison of effect of lamellar and
exfoliated structures shows negligible differences; this is prob-
ably also a consequence of the relatively low GO concentration.
Conclusions

The results achieved indicate that the formation of lamellar
structure leads to well-balanced mechanical properties, even
with as low as 0.2% concentration of GO-g-ATBN. The low
amount of GO-g-ATBN exceeds the effect of much higher
amount of non-bonded liquid rubber combined with GO. In
other words, the graing of ATBN on GO is apparently its most
efficient application in the epoxy system. The importance of
lamellar structure morphology tailored by graing degree and
geometry, including the effect of added rubber, is highlighted.
Plane graing of ATBN leads to a favourable lamellar structure
with a thicker elastomeric interlayer, whereas edge graing
leads to a less effectively dense, even branched, morphology.
The addition of ATBN inuences the structure formation and
may also lead to the incorporation of the elastomer into the
This journal is © The Royal Society of Chemistry 2020
lamellar structure, which indicates that the lamellar arrays are
formed in the course of crosslinking by RIPS.
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