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Abstract Graphene oxide nanoplatelets (GO) were pre-
pared from expanded graphite (EG) and functionalized
with triethylenetetramine (GO-TETA). The GO-TETA
consisted of a few layers of graphene (~4-6 layers), as
determined by atomic force microscopy and Raman spec-
troscopy. X-ray photoelectron spectroscopy showed that
the TETA was covalently linked to the GO in the GO-
TETA sample. Epoxy composites based on the diglycidyl
ether of bisphenol A with TETA as a hardener and with
0.5-3.0 wt% additions of EG and GO-TETA were inves-
tigated. The results showed that the addition of the
nanofillers led to an increase of ~20 °C in the glass
transition temperature. A slight increase in the ratio of the
elastic modulus/hardness of the nanocomposites was
observed by nanoindentation tests carried out at a depth
range of 300 nm—1.3 pum; these tests indicated a tendency
of increased fracture toughness. Microindentation had an
enhancement of 40 % in hardness for the 1 wt% composite
with GO-TETA relative to the corresponding value for the
neat epoxy.
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Introduction

There has been a great deal of interest in carbon nanotubes
and graphene-based composites, especially related to the
remarkable electronic and mechanical properties of these
new carbon materials [1-4].

Graphene in its pure form is not compatible with either
organic solvents or polymers and does not form homoge-
neous composites [3—5]. One strategy used to improve the
dispersion of graphene nanosheets in a polymer matrix is
the oxidation and functionalization of the carbonaceous
surface, which increases polymer wettability. Graphite
oxide (GO) has been mainly produced by the Brodie [6],
Staudenmaier’s [7], and Hummers’ [8] methods. Further-
more, several works have been done using Hummers’
modified methods [3-5, 9, 10]. The surface functional
groups of GO are epoxides, alcohols, carboxylic acids, and
other ketone groups; the contents of these functional
groups can vary significantly, depending on the starting
material and oxidative conditions. A recent study [11] has
shown that GO, produced by the Hummers method, is
composed of functionalized graphene sheets decorated by
strongly bound oxidative debris. This is similar to the
polycyclic aromatic acids on oxidized multiwall carbon
nanotubes [12]. When a suspension of the as-produced GO
is treated with an aqueous solution of NaOH, the conse-
quence is a black aggregate that separates out [13]. A
possible additional functionalization route of GO is
through reaction of the COOH groups with thionyl chloride
(SOCL,) [5, 9], followed by an additional reaction with
amine groups [14].

Polymer/graphene nanocomposites possess superior
mechanical, thermal, and electrical properties compared to
neat polymers, as has been previously reviewed by Kuila
et al. [3] and Potts et al. [4]. The glass transition
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temperature (7) of amorphous polymers is one of the most
important parameters to consider when designing techno-
logical applications. At temperatures just above T, a non-
crystalline polymer material behaves rubbery, or as a vis-
cous fluid, depending on the molecular weight and degree
of crosslinking. Below Ty, a bulk polymer becomes a glass
that is more or less brittle (with remaining flexibility pro-
vided by side-chains) depending on the structure [15].
Because epoxies are thermosetting materials, the T, is
considered the upper limit of service temperature for
epoxy-based systems and, for that, increases in 7, are
associated with enhancements in the thermal stability of the
polymers [16, 17].

Low nanofiller loading has been reported to cause large
shifts in the glass transition temperature (7,) of thermo-
plastic-based nanocomposites; for example, a shift of
430 °C with just a 0.05 % loading of functionalized
graphene sheets was observed for nanocomposites with
poly(methylmethacrylate) [16]. For the epoxy systems, the
increase in the T, in the reported results has frequently
been less than 20 °C [18-22], and occasionally, a decrease
in T, values has been reported [23, 24]. Hu et al. [18]
observed that 0.50 vol% of amino-functionalized graphene
with 4,4-diaminodiphenyl sulfone (DDS) added to an
epoxy can increase the T, by 12 °C. Zaman et al. [20]
achieved an increase of 14 °C of T, to 2.5 wt% graphene
nanoplatelets functionalized with 4,4'-methylene diphenyl
diisocyanate/epoxy system; whereas, Bortz et al. [19]
obtained an maximum increase of 17 °C of loss modulus
peak for a 0.5 wt% GO nanosheets/epoxy matrix. Martin-
Gallego et al. [21] reported increases in the T, of 21 and
40 °C [25] resulting from the addition of GO nanosheets to
a photocured epoxy at 1 and 1.5 wt%, respectively.

Putz et al. [22] discussed the influence of the addition of
non-modified carbon nanotubes on the epoxy glass transi-
tion over a range of cross-linking densities. They demon-
strated that a competition between the epoxy network
disruption and the creation of an interphase can limit the
effects T, increase for highly cross-linked epoxies. How-
ever, when modified carbon-based nanofillers are
employed, surface functionalization can take part in the
curing reaction, resulting in advantageous changes in the
structure of the interphase and allowing an increase in the
T, even for highly cross-linked epoxies [22].

Nanoindentation allows for the mechanical probing of a
material surface at a penetration depth of approximately
10 nm—10 pm [26]. This technique can assist in the opti-
mization of the material composition, structure and pro-
cessing. A major advantage of nanoindentation is the
ability to study small specimens, as there is good agree-
ment between the results of nanoindentation and those
obtained from other mechanical properties tests, such as
elastic modulus and hardness [27].
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The hardness and the elastic modulus are obtained by
analyzing the load—displacement data recorded during the
loading—unloading indentation cycles. The hardness is
defined as the indentation load divided by the projected
contact area (Ac) of the indentation. For a Berkovich
indenter (having a triangular diamond pyramid shape), Ac
is a function of the contact depth. The elastic modulus can
be obtained from the slope of the initial portion of the
unloading curve and is usually calculated as proposed by
Oliver and Pharr [28]. The elastic modulus calculated in
this way can be regarded as ‘‘apparent’’ because this model
neglects the viscoelasticity of the epoxy. This model can be
used without introducing significant error because the
testing time is lower than the characteristic creep time of
the material [26]. There have been several reports of
nanoindentation studies for epoxy nanocomposites [27,
29-32].

Lee et al. [27] applied an indentation load to attain a
depth of 3—-4 pm with epoxy/carbon nanofiber composites
and observed very good agreement between the elastic
moduli obtained from tensile tests and nanoindentation
tests, with a maximum difference of 2 %. Li et al. [30]
investigated an indentation depth of 1 um on epoxy/coiled
carbon nanotube samples and observed a 40 % increase in
the elastic modulus following the addition of 5 wt%
nanofiller.

The range of the nanofillers’ effect in the composite
mechanical properties was studied by complementary tests
that were performed by microindentation. Vickers micro-
hardeners have been considered a reliable tool in visco-
elastic material characterization [33]. It has been shown
that the absence of elastic recovery along the diagonals
justifies the use of Vickers indentation as a convenient tool
to probe rigid polymeric materials such as epoxy [34].

The objective of the present work was to produce
increases in the T, with epoxy-based nanocomposites. For
this purpose, two types of nanofillers were selected: com-
mercial expanded graphite and synthesized TETA-func-
tionalized graphene nanosheets. First, a full characterization
of both the EG and GO-TETA was performed, and the
glass transition and morphology of the nanocomposites
were investigated. Nanoindentation tests at various depths
and microindentation were carried out to probe the effect
of the nanofillers on the mechanical properties of the
composites.

Experimental

Materials

The materials used in this work were expanded graphite
(EG) from “Nacional de Grafite” Company (Brazil), conc.



J Mater Sci (2013) 48:7883-7892

7885

modified Hummers
method

S
RNERRNN TR
ddldld 444l l

expanded graphite

GO-TETA

Fig. 1 Schematic of the functionalization of GO-TETA from expanded graphite. a, b TEM micrograph and SEM micrograph for EG; ¢ TEM
micrographs for graphene oxide nanosheets (GO) and d TETA-modified graphene oxide nanosheets (GO-TETA)

H,SO, Merck), KMnO, (VETEC), sodium nitrate (VETEC),
N-methyl-pyrrolidone (Aldrich) and a diglycidyl ether of
bisphenol A (DGEBA)-based epoxy resin (MC130) with an
amine hardener based on triethylenetetramine (TETA;
DEH 24), which was supplied by Epoxyfiber Company.

Methodology

Oxygenated groups were introduced to the surfaces of EG
using a modified Hummers method [8] to produce graphene
oxide nanosheets (GO). In a typical process, 1.00 g of
expanded graphite powder was oxidized with 0.50 g
sodium nitrate in 70 mL of concentrated H,SO4. This
mixture was placed in an ice bath, and 3.00 g of KMnO,
was gradually added; distilled water was added after stir-
ring for 8 h. Oxidation with 10 % w/w H,O, was carried
out while stirring for 1 h. Following oxidation, the mixture
was centrifuged, filtered under a vacuum through a 0.45-um
polytetrafluoroethylene membrane and then washed until a
neutral pH was obtained. The filtered product was dried in
a hot oven at 100 °C for 12 h.

For functionalization, 120 mL of freshly distilled SOCl,
was added to 0.30 g of the oxidized graphene nanosheets
(GO). The mixture was heated to 70 °C under reflux for
24 h, after which SOCl, was extracted by distillation and
120 mL of TETA was added. The reagent mixture was then
heated to 120 °C under reflux for 72 h, after which the
mixture was cooled to room temperature, centrifuged and
dispersed in a beaker containing 300 mL of anhydrous
ethanol to remove any TETA adsorbed to the surface of the
GO. The remaining solution was vacuum-filtered and
washed thoroughly with anhydrous ethanol to insure that
any adsorbed material was removed; TETA is highly sol-
uble in this solvent. The filtered material was dried at

100 °C for 12 h and named GO-TETA. A schematic of the
process of functionalization of GO-TETA is shown in
Fig. 1.

Nanocomposites with concentrations of 0.5, 1.0, and
3.0 wt% EG and GO-TETA investigated in this study were
produced following the same procedure.

First, the carbon nanomaterials were mixed manually in
epoxy resin without hardener to obtain a good suspension.
This suspension was then added to a three-roll mill
(Exakta) for final high shear mixing, using a gap size
between ceramic rolls of 5 um and a speed of 22 in the 1st
roll, 66 in the 2nd roll, and 200 rpm in the 3rd roll. The
suspension was rolled approximately ten times to complete
homogenization. The suspensions were collected, mixed
manually with hardener and cured under a vacuum for 1 h
at 40 °C and then for four additional hours at 120 °C.

Characterization

To evaluate the degree of exfoliation for both GO and GO-
TETA, for each sample, suspensions with ~0.05 mg/mL
(diluted from a 1 mg/mL stock solution) in N-methyl-
pyrrolidone were dispersed for 30 min in an ultrasonic bath
and then dropped onto Si substrates and porous carbon
film-coated copper grids, followed by drying and charac-
terization with atomic force microscopy (AFM) or trans-
mission electron microscopy (TEM), respectively. TEM
micrographs were obtained on an FEI TECNAI G2
microscope with a 200 kV accelerating voltage.

AFM micrographs were obtained on an MFP-3D-SA
SPM microscope (Asylum Research, CA, USA) under
ambient conditions (relative humidity ~ 50 %, temperature
~20 °C). AFM was performed in tapping mode to char-
acterize the morphology by recording topographical
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images; silicon cantilevers (Olympus AC240TS) with a
spring constant of ~2 Nm™" (between 0.5 and 4.4 Nm™")
and a typical resonance frequency of ~70 kHz (between
50 and 90 kHz) were used.

Thermogravimetric  analysis measurements  were
obtained using an SDT 2960 TGA from TA Instruments.
The samples were analyzed from 30-1000 °C at a heating
rate of 5 °C/min under a synthetic air atmosphere flowing
at 100 mL/min.

XPS spectra were obtained at room temperature on a VG
Scientific Escalab 220-ixL system. The base pressure in the
vacuum chamber was 2.0 x 107'° mbar, which removes
molecules adsorbed on the sample surface. A Mg anode
was used to generate X-rays with a Ko line at 1487 eV.
XPS spectra between 0 and 1000 eV (stretched spectra)
were obtained at 1 eV steps, and high-resolution spectra
with 0.1 eV steps were obtained in the peak photoemission
regions for the C 1s, N 1s, and O 1s electrons. The electron
energy analyzer operated in large area mode (@ = 4 mm)
with a pass energy of 50 eV for the stretched spectra and
20 eV for the high-resolution spectra. Each spectrum was
adjusted using a combination of Gaussian and Lorentzian
functions.

Micro-Raman experiments were performed using a
Dilor XY spectrometer with a backscattering geometry and
equipped with a liquid nitrogen-cooled CCD detector.
Samples were resolved on an OLYMPUS BH-2 optical
microscope with a 100x objective using the 514.5 nm
Ar-Kr laser line and a power of 1 mW to avoid any
spectral changes due to sample heating. Spectra were
collected at three different points for each sample.

SEM micrographs of the nanocomposites were obtained
on a Quanta 200 model FEG-FEI 2006 microscope oper-
ating under vacuum with a 10-kV accelerating voltage. To
study the dispersion of graphene, the epoxy nanocomposites
were cut to a thickness of 40 nm using an ultramicrotome,
and the films were deposited on a 200 mesh porous carbon
film-coated copper grid.

Differential scanning calorimetry (DSC) measurements
were performed on a 2920 model calorimeter from TA
Instruments. The nanocomposite samples were analyzed
according to ASTM standard D 3418-82 [35].

Nanoindentation tests were performed using an Asylum
Research Nanoindenter (CA, USA) equipped with a Ber-
kovich tip. Composites were prepared using molds that
were cured and cut to a thickness of 2-3 mm. The elastic
moduli and hardness of the nanocomposites were obtained
in a displacement-controlled mode, with an indent and
withdraw rate of 30 nm/s. A total of 36 indentations on a
50 x 50 um area were made for each sample, with the
average values reported. Four maximum depths were used:
50 nm, 300 nm, 600 nm, and 1.3 pm. The elastic moduli
were calculated from the recorded load—displacement
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curves according to the Oliver-Pharr Method [28]. Poisson’s
ratio for the thin films was assumed to be 0.33 for the
calculation. The results obtained from these experiments
were statistically evaluated by analysis of variance
(ANOVA) and by Tukey’s test. All tests were conducted
with a significance level (o) of 0.05 evaluated with Minitab
15 statistical software.

Reicherter’s Hardness tester was used for microinden-
tation. Short specimens (10 x 10 x 6 mm) of cured
epoxies were cut and polished before measurement. The
Vickers indenter tip was pushed 20 s into the specimen
surface at an applied load of 2 N. The hardness value was
measured immediately after indentation and 20 indenta-
tions were applied per sample to guarantee the accuracy of
the evaluation. After removal of the load, the diagonal
lengths of the indents were measured using a microscope
and the average hardness was calculated. The elastic
recovery in the direction of the diagonals was generally
negligible or very small. Therefore, the measurement of
diagonal lengths (~ 100 pm for neat epoxy for instance)
gave valid hardness values for the epoxy systems (visco-
elastic rigid polymers) [34].

Results and discussion
Characterization of graphene nanoplatelets

Figure 1a—d shows SEM and TEM micrographs for EG
(a, b), GO (c), and GO-TETA (d). The commercial
expanded graphite sample (EG) in Fig. 1a-b was exfoliated
to provide a few layers of graphene chemically modified by
oxidized groups (GO) and by TETA as shown in the
schematic in Fig. 1. The GO-TETA sample shown
observed in Fig. 1d is transparent and has a wrinkled, thin,
paper-like morphology. TEM micrographs of the flakes of
EG, as shown in Fig. 1a, indicate that they are composed of
tenths to hundreds of graphitic layers.

Typical AFM micrographs for GO-TETA (as shown in
Fig. 2a) were used to determine the thickness, which cor-
responds to the height in the cross-sectional profile (inset in
Fig. 2a). AFM is frequently used to characterize graphene
that is a few layers thick. The thickness of a single layer of
graphene, obtained via AFM, in the literature is reported to
range between 0.34 and 1.2 nm depending on any exten-
sion due to functionalization [5, 36].

The sample in Fig. 2a shows a height of 1.7 nm for the
GO-TETA sample, corresponding to a maximum thickness
of ~5 layers. Figure 2b shows a TEM image of GO-TETA
sample with ~ 6 graphitic layers. Analysis of several AFM
and TEM images lead to the conclusion that GO and GO-
TETA have a distribution in the number of layers, with
maxima between 4 and 6 layers. Moreover, significant
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Fig. 2 a Representative tapping mode AFM micrograph for GO-TETA film and b high-resolution TEM image of the edge of GO-TETA
showing approximately 6 graphitic layers

Fig. 3 a TG and b-d DTG @ TETA $50 °C
curves for EG, GO, and GO- 100 a) |
TETA samples. The TETA Yo
mass loss occurs at 296 °C and 80 | 2?: ¢ GO-TETA
corresponds to 13 % in (d)

% 658 °C
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E ol v e 6o

20 b Residue: 20% €6 ®) 780 °¢
19% GO
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folding or overlapping was observed in the nanosheets. The ~ shown in Fig. 3a—d for EG, GO and GO-TETA, respec-
lateral dimensions of the functionalized graphene ranged  tively. Most of the carbonaceous oxidation occurs
from several 100 nm to a few micrometers. approximately 655 °C for GO and GO-TETA and
Raman Spectroscopy was applied to investigate the  approximately 780 °C for EG due to an increase in exfo-
number of layers, as well as other properties of the  liation, cutting and structural defects in the functionalized
graphene nanosheets [36-42]. Raman results and discus-  graphene nanosheets compared to the expanded graphite
sions are available in the Supporting Information. The  [43]. A peak was observed at 198 °C in the DTG curve for
range in the number of layers between ~4 and 6 as GO due to a ~10 % mass loss of oxygenated functional
observed by AFM and TEM was corroborated by Raman  groups (Fig. 3c). GO-TETA showed a mass loss of ~13 %
analysis (Fig. 9 of the Supporting Information). The  approximately 296 °C (Fig. 3d) due to oxidative decom-
number of graphene layers that can promote an effective  position of the TETA functional groups [14, 44].
reinforcement will depend on the thickness of polymer XPS spectra were obtained for the main elements of
chains in between the platelets as discussed by Young et al.  interest (C, O, and N) to determine the chemical compo-
[13]. Moreover, the lateral dimensions are critical [13] and sition of the carbonaceous materials [45-50]. Figure 4a—
they should not be compromised largely in the exfoliation = shows the XPS survey spectra of the EG, GO, and GO-
process. TETA samples. All samples show photoemission peaks for
The percentage mass loss as a function of temperature  C 1s (~284.5eV) and O 1s (~534.0 eV). Figure 10
(TG) and the derivative mass loss percentage (DTG) are  (Supporting Information) exhibits the detailed C 1s and O
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Fig. 4 XPS survey spectra for
a EG, b GO, and ¢ GO-TETA

samples and d high-resolution O1s
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Is XPS spectra for the EG, GO, and GO-TETA samples
and a discussion of these results is also available in the
Supporting Information. N 1s photoemission peaks
(~400.0 eV) were only observed in the GO-TETA spectra.
The presence of an amide carbonyl group was identified in
the N 1s spectrum (Fig. 4d), confirming the covalent
attachment of TETA to the graphene layers in the GO-
TETA sample. After adjusting the photoemission peaks,
three significant contributions were identified, with binding
energies in the range of 399.1-401.8 eV. Here, nitrogen
atoms with a binding energy of 399.1 eV are attributed to
primary amines (—CH,—-NH,). Nitrogen atoms with a
binding energy of ~400.2 eV correspond to amide car-
bonyl groups (-N-C=0), and nitrogen atoms with a bind-
ing energy of ~401.8 eV are attributed to secondary
amines (-CH,—~NH-CH,-) [45, 46].

Characterization of composite/graphene nanosheets

SEM micrographs of both the neat epoxy and the com-
posites with EG and nanoplatelets of GO-TETA are shown
in Fig. 5a—c. Figure 5 shows micrographs obtained for thin
slices, which indicate that a better dispersion of the filler
was likely obtained for the GO-TETA nanomaterial than
for the expanded graphite. Figure 5b reveals a large
agglomeration of EG, which leads to a disruption in the
uniformity of the thin slice of the epoxy composite. Fig-
ure Sc confirms that good adhesion was obtained between
the functionalized graphene and the epoxy. A schematic of
the morphology observed in the SEM images is also
showed in the bottom of Fig. 5. Although inspection of the
SEM micrographs of Fig. Sa—c uncovers the benefits of
graphene exfoliation and functionalization, studying a
greater number of SEM samples prepared by both ult-
ramicrotomy and fracture (Fig. 11 of the Supporting
Information) showed some agglomerates and zones free of
graphene nanoplatelets in all composite samples produced.

Representative DSC curves for the neat epoxy and the
nanocomposites with concentrations of 0.5, 1.0 and
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3.0 wt% EG and GO-TETA are shown in Fig. 6. The T,
reported is the average of three independent measurements
to obtain significant results. The T, for each sample was
determined from the midpoint of the corresponding glass
transition regions and is listed in Table 1 along with
standard deviations of less than £1 °C. Figure 6 shows that
the glass transition region is larger for the composites than
for the neat epoxy, which is associated with the filler effect
of broader the segmental motion range. However, the width
of the glass transition region (between onset and offset)
was of 11 °C on average for neat epoxy and maximum of
20 °C for composite samples. These width values for the
glass transition region are within a range that allows an
accurate determination of T, considering the triplicate
measurements and the carefully performed analysis.

There is a clear increase in the T, of 10-20 °C of the
composites in respect to the neat epoxy for the two systems
evaluated. Similar increases in the T, were observed for the
nanocomposites produced with an epoxy and different
types of modified graphene [18-20], which establishes the
present results as being among the best reported in the
literature. However, it is important to note that the
increases in the 7, were similar between EG and GO-
TETA. Therefore, both types of fillers possessed a similar
tendency to increase the glass transition temperature in the
case of the materials and processes employed in this work.
This similarity may be a consequence of the competition
between the creation of an interphase and the disruption of
cross-linking, as proposed by Putz et al. [22].

The GO-TETA was dispersed as nanosheets that were
~2 nm thick, while the EG platelets were more than
10 nm thick (Figs. 1, 2, 5). The GO-TETA can produce
stronger interphase regions by covalently linking with the
epoxy. However, the GO-TETA can also introduce a higher
disturbance to the cross-linking mechanism, leading to a
counterbalance in the desired effect of increasing the 7.

Representative load—displacement curves for the nano-
indentation tests and an AFM image of the nanoindentation
mark are shown in Fig. 7a, b for the GO-TETA composite
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Fig. 5 SEM micrographs (thin slices prepared by ultramicrotomy) for a neat resin and epoxy composites with b 0.5 wt% of EG and ¢ 3.0 wt%
of GO-TETA. Bottom schematic of the dispersion of EG and GO-TETA in epoxy

Fig. 6 Representative DSC
curves for neat epoxy, a epoxy/
EG and b epoxy/GO-TETA
composites; concentrations are
shown in the figure. Results of
the T, increase (AT) determined
with triplicate measures are
showed in the figure
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samples. The results presented in Fig. 7c, d show the elastic
modulus and hardness values determined from the load—dis-
placement curves for the neat epoxy and the 3 % composite
samples at maximum depths of 300 nm, 600 nm, and 1.3 um.

The addition of fillers to the epoxy matrix only affected
the elastic modulus relative to the neat epoxy for the
3.0 wt% GO-TETA and EG samples; for the 0.5 and

1 wt% samples, the variations were within the error range.
The elastic moduli of the EG composites possess a greater
variability than those of the GO-TETA nanocomposites.
This is likely due to the greater difficulty in uniformly
dispersing the graphite sheets throughout the epoxy matrix.
Sanchez et al. [31] studied epoxy nanocomposites with 1.5,
3.0, and 5.0 wt% carbon nanofiber (CNF). They obtained
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Table 1 T, values (average of three DSC measurements) and ratio
elastic modulus (E)/Hardness (H) (from nanoindentation at depth of
600 nm) for neat epoxy, EG and GO-TETA-based composite samples

Samples % wWiw Ty AT/°C E/H
Epoxy 0.0 1242 £ 04 0.0 7.79
EG 0.5 142.0 £ 0.3 +17.8 7.87
1.0 1349 £ 0.6 +10.7 8.49
3.0 1432 £ 0.6 +19.0 8.42
GO-TETA 0.5 1339 £ 0.6 +9.7 7.84
1.0 1434 + 0.5 +19.2 8.11
3.0 138.4 £ 0.8 +14.2 9.15

similar results upon the addition of nanofillers to the epoxy
matrix, where only the 5 wt% CNF sample exhibited a
modulus higher than that of the neat resin. In 2007, Lee
et al. [27] also reported no difference between the modulus
values for neat epoxy samples and for samples with

(a)
Epoxy
GO-TETA 0.5 wt%
~TTT GO-TETA 1wt%
150N o - == GOTETA 3wtk

el
£
o
[V
Indent
c :
© = 300 nm
3.6 ® 600 nm
A 13um
3.4
8
. an i
o 324 e @
=2 %
>
gs.a- ! »
) A
@ 284
o A
2.6
24 T r T :
Epexy EG 3% GO-TETA 3%
Composite Compasite

Fig. 7 a Typical force—displacement curve during nanoindentation of
neat epoxy and epoxy/GO-TETA with concentrations of 0.5, 1.0, and
3.0 wt% nanofiller; b AFM micrograph showing the mark produced

@ Springer

0.5 wt% CNT or CNF in the epoxy matrix. Other authors
have reported increases in hardness and modulus values as
determined by nanoindentation upon the addition of
graphene in thermoplastic polymeric matrices. Das et al.
[51] observed a significant increase in both the elastic
modulus and hardness upon the addition of 0.6 wt%
graphene in PVA and PMMA. Shin et al. [52] reported a
286 % increase in hardness and 127 % improvement in the
elastic modulus by the addition of 1.0 wt% GO modified
with octyltriethoxysilane in polypropylene. Figure 7 shows
that for those tests in which a maximum indentation depth
of 600 nm was used, the values of the elastic modulus were
quite close to those values obtained for an indentation
depth of 300 nm (no significant difference); a decrease was
observed for the elastic modulus of the 1.3 um test, which
was more pronounced for the composites. However, the
hardness shows a significant decrease among the three
depths tested. In 2003, Penumadu et al. [53] also observed
a tendency of the elastic modulus and hardness of

(d)
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CNT/epoxy nanocomposites to decrease as a function of
depth, which explained the presence of large aggregates of
the nanoreinforcements formed on the surface during
sample preparation.

The nanoindentation results can also be examined by the
analysis of the ratio of the elastic modulus (E)/hardness (H).
Shen et al. [54] showed that this ratio can be correlated to
the fracture toughness, and other authors were similarly
able to calculate the fracture toughness in their experiments
[52]. The results of the ratio E/H are shown in Table 1, as
calculated for a depth of 600 nm. The tendency for the
E/H ratio to increase was observed for all composites and was
more significant for the 3 wt% GO-TETA nanocomposite.

The microindentation Vickers test performed in this
work revealed opposite tendencies in comparison with the
nanoindentation. The surface probed by the microindenta-
tion was at least 10° times higher than the one involved in
the nanoindentation test. The final results in terms of
microhardness are showed in Fig. 8. It was observed that the
hardness values increase as a consequence of the increase in
the concentration of nanofiller. The increase in hardness was
of 68 % to EG and 50 % GO-TETA composites in the case of
3 wt% of nanofiller, when compared to epoxy.

Increase in hardness in carbon nanomaterials/epoxy
composites has been observed before [21, 31, 55], but only
through nanoindentation [31, 55] or surface [21] mea-
surements. To the best of our knowledge is reported here
for the first time microindentation (with Vickers indent) in
graphene/epoxy composites. Chatterjee et al. [55] per-
forming nanoindentation measures noted a tendency in
hardness of graphene/epoxy nanocomposites to increase
with the incorporation of up to 1.5 wt% of amine func-
tionalized graphene nanoplatelets. However, a dramatic

00 05 10 15 20 25 3,0

weight %

drop in the modulus and hardness was also observed by
these authors at 2.0 wt%, which was attributed to the
presence of agglomeration sites within the composites.
This work showed that the study of localized mechanical
properties in a micro- or nano-range can generate diverse
responses which must be correlated with the microstructure
of the nanocomposite and the tendency toward agglomer-
ation of the carbon nanofiller. Microindentation involved a
volume of material orders higher in magnitude than
nanoindentation and showed an increase in hardness with filler
content that was not revealed by the nanoindentor probe.

Conclusion

Graphene nanosheets covalently functionalized with TETA
and a few layers thick were prepared and characterized
with several physico-chemical techniques. Nanosheets of
EG and GO-TETA were incorporated into the DGEBA/
TETA system and studied as a function of the weight
fraction. Increases of up to ~20 °C for the T, and of 18 %
for the elastic modulus/hardness ratio (associated with the
fracture toughness) obtained by nanoindentation were
achieved for the reinforced nanocomposites relative to the
neat resin.

The hardness values through microindentation high-
lighted a different trend when compared with the data from
nanoindentation. Microindentation hardness for composites
was larger than for neat epoxy (40 % enhancement for the
1 wt% composite with GO-TETA), whereas nanoindentation
hardness is almost constant for all materials (at 600 nm
depth, for instance). This is probably a consequence of
nanoaggregation in the microstructure. Epoxy materials

@ Springer
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with a larger service temperature, enhancement in hardness
and a slight increase in toughness were therefore obtained
in this work by graphene addition.
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