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Abstract: This paper shows the graphene and graphene oxide
nanoflakes as the 0.1, 0.5, 1, 2, and 4 wt.% reinforcement of epoxy-
resin matrix to enhance the thermal and mechanical characteristics of
the composite. Experimental measurement of the glass transition
temperature and thermal expansion coefficient indicated that the
addition of nanostructural filler improving the glass transition
temperature about ~12 °C for nanocomposite filled carbon-based
nanoparticles for both heating and cooling cycles compared to the
bare epoxy resin. Young's elastic modulus measured by
nanoindentation and the stress versus strain curves for different
weight fractions of graphene nanoflakes additives during uniaxial
compression and tension considered were obtained from the
experiments. The distributions of logarithmic strain field for the
transverse, axial and shear components on the nanocomposites
sample surfaces, during the uniaxial tension process for quasi-static
strain rates, were analyzed. The tensile strengths show improvement
for nanocomposites with less than 1 % weight fraction of carbon-
based nanoparticles. The compressive yield stress increased to a
maximal value (at the recorded peak on the curve) for an epoxy
nanocomposite having 2 wt.% oxidized graphene flakes, where both
parameters were enhanced with the oxidized form of graphene for the
more effective dispersion in the epoxy resin matrix over the bare
graphene filler.

Introduction
Nano-reinforced polymers, particularly nanoparticles filled epoxy

resin (EP), have received significant attention in recent decades.
Epoxy resins as a matrix belong to a thermosetting polymers used

extensively in bonded joints, protective corrosion coatings,
structural and electronic components 2, These materials, due to
their highly cross-linked structure, are characterized by good
mechanical properties, dimensional stability, heat and chemical
resistance [* 4. However, they are brittle due to their high internal
cross-linking, which significantly limits their further application
development. Therefore, reinforcing materials used in EP are
extremely important and have been extensively researched.
Nanostructural fillers can offer a range of features (shape, and
concentration) to modify/enhance the thermal and mechanical
properties of epoxy matrices. By choosing an appropriate
combination of epoxy matrix and reinforcement dopant, a new
material can be made that exactly meets the requirements of a
certain application. Over the past few decades, various modifiers
have been developed to improve the properties of epoxy resins
include; rubber particles, thermoplastic polymers, core-shell
particles, hyper branched polymers and various types of
reinforcing fibers. Recently, several works have demonstrated the
incorporation of the graphene fillers into epoxy resin to form the
nanocomposites, indicating that the modulus and glass transition
temperature (Ty) of the nanocomposites can be effectively
increased [ 8, Wang et al. ¥l investigated the thermal properties
of graphene nanocomposites, revealing that graphene can

effectively improve the thermal stability of epoxy polymer. Where
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the addition of 5% filler reduced the coefficient of thermal
expansion below the glass transition temperature, relative to the
matrix material by 31.7%. Tang et al. ® investigated the effect of
graphene dispersion on the mechanical properties of
nanocomposites. It was shown in [ that nanocomposites with
high homogeneity show higher strength and fracture toughness
than those in which filler agglomerations were observed. However,
achieving satisfactory property improvements, e.g. for the glass
transition temperature, thermal exponent coefficient and thermal
conductivity, usually involves the use of high filler percentages of
up to 60 % of the nanocomposite volume 7 8, Polymer-based
nanocomposites with carbon nanostructures as fillers, offer great
prospects in constructional applications thanks to their relatively
high mechanical properties (per unit mass) [© 10 11 and 12,
Graphene (GN) and graphene oxide (GO) are carbon materials
that have been developed relatively in recent studies. Graphene
an allotropic form of carbon, has many unique properties that
include a Young's modulus of approximately 1 TPa, a tensile
strength of 130 GPa, exceptional optical properties (graphene can
absorb 2.3 % white light), excellent thermal conductivity of 4840
to 5300 WmK* and an electrical resistivity of 103 Qcm [13-15],
The effectiveness of graphene as a nanofiller in resin or metal
matrix nanocomposites systems has been reported in [8:16-29],
Graphene oxide, an oxidized form of GN as a potential filler for
polymer-based nanocomposites, has many advantages over
graphene due to the presence of oxygen functional groups on its
surface [220-23],

The methods presented in the literature for obtaining
graphene or oxide graphene reinforced EP nanocomposites are
based on different ways of introducing graphene into the polymer
matrix like the simplest methods involving mixing of the resin,
hardener and filler as well as the dispersion of the nanoparticles
in the organic or inorganic solvents containing resin without
hardener with subsequent evaporation of the solvent and the
addition of the hardener; or the heating of the solution prior to the
crosslinking 2429, In many studies, modifications of the basic
preparation method have been used to improve the dispersion of
GN or GO in the nanocomposites. These modifications consisted
in heating the polymer during mixing % or on pre-dispersion of
the filler in a solvent [ 3.31-32]_|n addition to methods for obtaining
nanocomposites with a disordered dispersion of GO and GN
throughout the nanocomposite, studies are also known in which
layered materials or nanocomposites with a graphene scaffold
were obtained [ 242935361 |n the first method, a layer of graphene
was flooded with resin and, after curing, another layer prepared
in the same way was added. In the second, a graphene scaffold
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was prepared using a freeze-drying process, which was then
embedded in EP.

Epoxy resin-based nanocomposites with graphene and
graphene oxide have a number of interesting effects in terms of
improved properties. These include higher tensile strength and
Young's modulus, higher thermal and electrical conductivity,
better tribological properties, lower flammability and better
corrosion properties of resin protective coatings @8 20 37,
Therefore, the studies intensified on the exploration of particle-
matrix interactions, highlighting the need to understand these
interactions at the molecular level and their impact on the
physicochemical properties of the resulting nanocomposite. In
this study, the presence of oxygen atoms on graphene flakes
facilitated favorable conditions for hydrogen bonding interactions,
contributing to improved locally ordered structure and rn-w
interactions with the polymer matrix. The identified mechanical
response features provide the basis for the development of
constitutive models tailored for graphene-enriched composite
nanocomposites. Based on the results presented here, it is
possible to propose numerical models using deterministic or
stochastic modeling methods to study the internal progressive
softening and curing of epoxy resin-based nanocomposites and
carbon nanostructures. Therefore, the works devoted to this issue
are part of the latest trends in the study of these materials [38-4%,

In this work, we presented the effect of mechanical and
thermal properties of the nanocomposite based on the epoxy
resin matrix filled with the GN and GO fillers on the tensile and
compression performance with pointing out the contribution of
factors such as reinforcement of nanoparticles into the resin
matrix as the step forward the reduction of the composite mass
with the addition of the nanoparticles instead of the larger
reinforcements that are proposed in the literature, improving the
thermal stability, and the increase of the loading of the composites
with maintaining the green approach in the composites production.

Experimental

Materials

The graphene-epoxy nanocomposites used in this study were
obtained using resin Epoxidharz L20 and hardener EPH 161
(R\&G Faserverbundwerkstaffe GmbH) (EP L20 Waldenbuch,
Germany). Graphene nanoflakes xGNP-M-5 (XG Science) (CAS:
7782-42-5), Lansing (Michigan), USA was used as a filler. Sulfuric
acid (H2SO,4) (95%) (CAS: 7664-93-9) and nitric acid (HNO3)
(65%) (CAS: 7697-37-2) (Avantor Performance Materials Poland

S.A., Gliwice, Poland) were used for oxidation of graphene.
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Preparation of EP L20/graphene nanocomposites

In the first stage, of preparation of the nanocomposites certain
amounts of resin and hardener as well as graphene were weighed
in the amount of 0.1, 0.5, 1, 2, 4 wt.%. In the second stage, the
filler was mixed magnetically with the resin for 10 min with an
average speed of 900 rpm. Then, the hardener was added and
mixed at the same rate for another 2 min. The resulting mixtures
were degassed under vacuum (-1 bar) and poured into silicone
molds. Composites, as recommended by the manufacturer were
left under the room temperature for 24 h for cross-linking, then the
materials were heated at 100 °C for 24 h to finish cross-linking
process. The resin without graphene was obtained under the
Scheme  of

same conditions as the reference test.

nanocomposites manufacturing was shown on Figure 1.

Epoxy resin
+ GN or GO

‘ Hardener ‘

Degassing Under

-Vacuum

Mixing

-

Cross-linking

-

, AJ
Heating|:]:
&

Figure 1. Scheme of nanocomposites manufacturing.

Preparation of EP L20/oxidized graphene
nanocomposites

In the first stage of preparation of the nanocomposites, graphene
was oxidized to avoid any erroneous coordination of the surface
oxygen atoms with a mixture of H,SO, and HNOg3 in a volume ratio
(3:1). GN (1.5 g) was added to 600 cm?® of the acid mixture, then
the solution was stirred for 30 min at 500 rpm and sonicated for
30 min in an ultrasonic bath at 60 °C (the mixing and sonication
cycle was repeated three times). In the next stage, the dispersion
of filler in the mixture of acids was left for 14 h. After the mixture
was diluted 4 times with distilled water and filtered under reduced
pressure on a filter with 0.45 um pores. The obtained filler was
centrifuged 5 times in distilled water at 9000 rpm for 3 min and
dried at 50 °C for 96 h. As an effect, the oxidized graphene (GO)
flakes were obtained. The GO-based nanocomposites were
achieved within the procedure described in previous Section. In
following Sections labels of EP L20 neat, EP L20+0.1 wt.% GN,
EP L20+0.5 wt.% GN, EP L20+1 wt.% GN, EP L20+2 wt.% GN
and EP L20+4 wt.% GN signifies epoxy nanocomposites
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reinforced with 0, 0.1, 0.5, 1, 2, and 4 wt.% of GN. However, the
labels EP L20+0.1 wt.% GO, EP L20+0.5 wt.% GO, EP L20+1
wt.% GO, EP L2042 wt.% GO and EP L20+4 wt.% GO indicates
epoxy nanocomposites reinforced with 0, 0.1, 0.5, 1, 2, and 4
wt.% of GO, respectively.

Methods

Prior to the nanocomposites fabrication, the morphology of
carbon-based nanoflakes was investigated using scanning
electron microscopy (SEM) (Zeiss Crossbeam 350 microscope,
Stuttgart, Germany). Complementary, the High Resolution
Transmission Electron Microscopy (HRTEM) (Philips CM 12,
Eidenhoven, the Netherlands) was used to check the crystallinity
of the graphene filler. The incorporation of the of GN and GO
fillers into the epoxy-resin was investigated by Fourier transform
infrared spectroscopy (FT-IR) using ATR technique. The study
was carried out with a Bruker Alpha instrument in the range of
4000-400 cm'™. A total of 32 scans were performed at a resolution
of 4 cm?®. Complementary to the FT-IR analysis, the
nanocomposite was also investigated using Raman DXR
microscope (Thermo Fisher Scientific, Waltham, MA, USA) using
laser line 532 nm, where the samples were measured with 50
repetitions of 50 s each (20 in successive control measurements).
The aperture was 50 um, the lenses were 10 and 50 mm, and the
laser beam power was 1 mW.

The XRD measurements were performed on a laboratory
diffractometer (X'Pert MPD, Panalytical) equipped with Cu x-ray
tube and primary Johansson type (Ge) monochromator in the
Bragg-Brentano geometry.

The stability of GN and GO dispersions in epoxy resin (0.1
wt.%) was measured by multiple light scattering using a Turbiscan
Lab instrument (Formulaction SA, Toulouse, France), in which
GN and GO suspensions in epoxy resin were placed in glass
cylindrical measuring tubes with a working height of 54 mm and
scanned at 880 nm. Scanning was carried out for 24 hours (once
per hour) at room temperature, corresponding to crosslinking
conditions. The Turbiscan Stability Index (TSI) was determined
from the results through TurbiSoft-Lab-2.3.1.125 software. After
24 hours of scanning, digital images of the prepared dispersions
were also taken.

Next, the thermal expansion of prepared nanocomposites
was measured performed using a TMA 450 apparatus from TA
Instruments in the temperature range of 25-200 °C in a heating
and cooling cycle in a nitrogen atmosphere, and the temperature
change rate of 2 °C minl. Based on the results obtained, the

coefficients of thermal expansion (CTE) were determined (using
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software provided by the manufacturer) in the temperature range
below the glass transition temperature (25-80 °C) and above the
glass transition temperature (125-180 °C) in both heating and
cooling cycles. The glass transition temperature (Ty) was also
determined as Tonset (heating cycle) and Tengset (COOliNg cycle) for
the materials obtained. The curve presenting technique that was
used is presented in Figure 2.

600
500 Alpha II, um/m°c
. T11259C
— [+
E 400 T2180°C
o E .
o 300 ] Cooling curve Alpha I, um/m°c
£ ]
S ] T11259C
5 200 -] T2180°C
2 7] Tendset » °G
o 1 Alpha I, um/m°c .
E . Heating curve
@ 1001T112509C Tonsets °C
JT1280°C Alpha 1, pm/m°C
0] T1259C
B T280°C
'100 T T T I T ) T I T T T I T T T | T T T
0 50 100 150 200 250

Temperature, ©C
Figure 2. The method to determine Alpha I, Alpha Il and glass transition

temperature based on thermal expansion test.

The mechanical response of epoxy resin L20 GN and L20 GN GO
doped graphene flakes have been studied in room temperature in
quasi-static strain rate tension and compression. The samples
used for tension tests were a dog-bone shape type and for
compression tests were a cylindrical shape type, see Figure 3 (a,
b). The cylindrical samples were with 9 mm diameter and
machined to 14 mm in length to provide a diameter to length ratio
of 0.64.

4 mm

6 mm

60 mm

14 mm

2 mm
“'--..__‘ vy
JOmm \L,

o ('

Figure 3. The uniaxial tension tests (a) and compression tests (b) sample shape

and dimensions in mm.

Strains were measured by using a digital image correlation
technique, and strain gages. Characteristic points of tensile and
compressive stress strain relation such as proportional elastic
limit stress (PEL), tensile strength and compressive yield strength
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(CYS) were discussed in Section: Mechanical properties studies.
The bonding between the epoxy matrix and graphene flakes
phases is considered to be perfect. The prepared samples were
deformed using MTS 858 Mini Bionix Il testing machine (MTS
Systems Corporation, 14000 Technology Drive, Eden Praire, MN
USA) under displacement controlled uniaxial deformation and
taking into account the sample's geometry, they corresponded to

the mean values of strain rate &€ equal to 0.001 s

Grapheneislands

Material | A, em? | A cm? I/l
GN 1375 1579 0.35
GO 1375 1584 0.41

Intensity (a.u.)

2D-band

3000 2500 2000 1500, 1000 500
Raman shift (cm™)

(c)
Figure 4. Images on graphene flakes with a diameter of about 1.5 micron (a)
the high crystallinity of the structure is shown in the HRTEM image (b), the
quality of the crystal is also confirmed with Raman characterization (c) where

the average 2D/G height ratio of 4.3 is presented.
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Results

Morphology, composition, and stability studies

The morphology studies using HRTEM confirmed the uniform
distribution of the graphene in the epoxy resin. As can be seen in
the Figure 4 (a) the graphene islands can be distinguished in the
polymer matrix, where the diameter of each island is about 1.5
pm. The samples were observed in high-resolution transmission
electron microscopes, Phillips 12 and JEOL 4000, operating at
120 respectively 200 kV. The quality of the lattice images was
improved using the conditions of minimum phase contrast
according to Kunath [,

In Figure 4b, the ultrastructure of the graphene plate is clearly
resolved by HRTEM. The typical lattice plane is obvious, and the
inserted FFT analysis further validates these structural features.
In particular, the FFT spots provide clear insights into the phase
and amplitude information, highlighting the crystallographic
orientation and periodicity of the graphene lattice of the graphene

filler.

As the Raman spectroscopy is a useful technique for
studying graphene material composition, it was used to provide
information on the structure, number of layers and exfoliation of
the material 8, Figure 4 (c) shows the presence of the peaks at
about 1375 cm that can be assigned to the D bands, while the
peaks at 1579 cm™ in GN and 1584 cm™ in GO can be ascribed
to the G bands. The G peak is related to the crystal structure of
sp? carbon, while the D band provides information about defects
and impurities in the graphene structure #6-47], The band intensity
ratio, Io/ls, is commonly used to estimate the size of the graphene
domain and the relative degree of graphitization of the material.
This value is inversely proportional to the size of the crystallites
(48491 The results shown in Figure 4 (b) showed an increase in the
intensity of the D band and the Io/lc intensity ratio, indicating the
effective oxidation of graphene surface and an increase in the
exfoliation of the GO structure relative to GN due to the chemical
processes carried out. The stacking of layers in GN can be related
to the position of the G-band peak shifts towards a lower Raman
shift value 8. In the GO spectrum shown in Figure 4 (b) the
opposite situation was observed. The location of the G band of
this material is shifted by 5 cm™ in the direction of higher values
compared to GN. The greater dispersion of GO was further
confrmed by this fact. The obtained results of Raman
spectroscopy analysis confirm the SEM observations which
indicated an increase in GO exfoliation relative to GN. Figure 4 (c)
reveals the image with atomic resolution of the particular
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graphene island. It is clearly seen that the material is in crystalline

form.

(b)
Figure 5. SEMimage of the graphene flakes and information about morphology,
(a) SEM images of GN and (b) GO flakes used as fillers in this work of GO

agglomerated.

As can be seen in Figure 5 (a), GN presents multilayered
flakes with a high degree of anisotropy and a rough structure with
a few microns in diameter. The GO structures presented in
Figure 5 (b) also exhibit an irregular structure, and the random
ripples corresponding to the particular graphene layers are clearly
visible. Oxidation of GN affects the flakes, leading to the crumpled
and wrinkled structure desired for subsequent incorporation and
well-dispersion into the resin matrix.

As the uniform distribution of the filler is a key parameter
determining the

The presence of the groups in the GO and GO filler was
before and after the incorporation into the polymer matrix was
determined using Attenuated Total Reflection (ATR) technique. In
the GN spectrum, presented in Figure 6 (a) bands attributed to C-

H bonds at about 2920 and 2852 cm™ are clearly seen 50,
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Figure 6. (a) FT-IR spectra of GN and GO, (b) photography of the sample
holder used for Turbiscan analysis filled with GN and GO. Turbidimetry results
for (c) GN and (d) GO. Inset shows the TSI change for both fillers.

Next, the band at about 1580 cm™ can be ascribed to
vibrations of C=C bonds with sp? hybridization 4. The presence
of C=C double bonds is typical of graphene materials %51, while
C-H bonds with sp® hybridization are a residue from the process
of graphene synthesis in acidic medium 2. In GO, in addition to
the aforementioned bands, additional bands are seen at 3514,
1722 and 1384 cm? that is attributed to O-H, C=0 and C-OH
bonds, respectively 5051 53 FT-|R analysis confirms that the
graphene surface was effectively oxidized, and hydroxyl and
carboxyl groups were attached to the surface as a result of the
oxidation process. The main purpose of graphene oxidation was
to increase filler dispersion in the resin-based matrix and improve

interfacial integration towards enhanced mechanical properties.

To determine the homogeneity of the carbon-based plate-
lets, dispersion in the resin was evaluated with the turbidimetric
method in which the light transmission through the sample at
different height-points are measured 4. The measurement was
conducted at room temperature for 24 h, where the proposed time
relates to the resin crosslinking conditions (crosslinking time
indicated by the manufacturer). Figures 6(c) and 6(d) shows the
destabilization of graphene dispersion in the epoxy resin, what
relates to aggregation and sedimentation of the filler 15556,
Oxidation of GN resulted in an increase in the stability of the filler
dispersion, as evidenced by the lack of change in the amount of
light passing through throughout the test run, see Figure 6(d) .
In order to better compare the dispersion stability of GN and GO
in the resin, TSI was determined (the higher its value, the less
stable the system) [57-%8], The analysis performed (inset in Figure
6(d)) showed a significant decrease in TSI values in systems with
GO. The same observations were confirmed using digital

6
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photography taken after 24 h (Figure 6(a, b)) of the prepared
dispersions, it can be seen that the dispersion with GO (Figure
6(b)) was not transmitted to light, indicating it higher stability
compared to the system with GN. As the crosslinking takes 24 h,
the stability at this time is sufficient to obtain a homogenous
structure of resin-based nanocomposite with GO filler. Improving
the homogeneity of systems with GO may increase the interfacial
interaction and improve the mechanical properties of
nanocomposites with its participation.

The XRD pattern obtained from the commercial graphene
powder showed that the material is condensed into a graphite-like
structure presented in the literature "X with a characteristic set of
Bragg peaks, marked in Figure 7 (a, b) by the corresponding Miller
indices. The predominance of the intensities of the (00l) Bragg
peaks naturally indicates the crystalline orientation of the larger
surface of the flakes in the sample. On the other hand, the XRD
pattern obtained for the oxidized sample shows the same
structure, but the width of the Bragg peaks increases by more
than 2.5 times, indicating a decrease in the average crystallite
size that can be ascribed to the oxidation of GN in highly acidic
media that could also etch the surface leading to its size reduction.
The pattern recorded for the nanocomposite confirm the
incorporation of the GN and GO into the polymer structure

complementary to the abovementioned FTIR-based analysis.
1E7
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—GO
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Figure 7. XRD pattern of (a) GN (black solid line) and GO (red solid line)

materials, and (b) GN and GN in the epoxy resin matrix.
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Thermal expansion tests

The following test was focused on the determination of the
thermal expansion and the glass transition temperature of the

Table 1. Thermal expansion analysis results.
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nanocomposite. As can be seen in Figure 2 and Table 1, the
glass transition temperature Tgyincreases for the GN-based
nanocomposite at low filler content (0.1 wt.%), what can be
related to the good dispersion of GN in the resin matrix.

Heating cycle Cooling cycle
Material T, CTEI CTEII | T, CTEI CTEII
("C) 25-80°C 123-180°C | (°C) 25-80°C 125-180°C
(pm/m’C)  (pm/m°C) (pm/m°C)  (pm/m°C)
EP L20 neat 100.9 73.4 181.4 94.3 74.3 187.9
EP L20+0.1 wt.% GN | 105.2 69.9 188.0 97.9 73.2 192.0
EP L20+0.5 wt.% GN | 101.3 72.4 185.9 95.6 74.1 188.9
EP L20+1 wt.% GN 101.2 72.8 184.9 96.2 74.9 188.2
EP L20+2 wt.% GN 105.8 638.2 183.4 98.0 74.3 187.9
EP L20+4 wt.% GN 112.2 68,9 171.8 104.1 69.1 178.3
EP L20+0. wt.%1 GO | 101.1 72.1 188.6 96.2 74.1 189.7
EP L20+0.5 wt.% GO | 109.7 66.3 180.2 103.0 69.9 184.1
EP L20+1 wt.% GO 109.8 66.2 178.9 103.3 69.5 183.4
EP L20+2 wt.% GO 109 64.4 174.2 104.2 68.2 180.7
EP L20+4 wt.% GO 115 64.2 172.7 105.8 68.0 179.2

Well-dispersed GN can cause stiffening of the structure and
limit mobility of polymer chain segments or increase crosslinking
consequently leading to the increase in T4 % ¢ However, the
increase of GN content results in higher Ty values comparing to
Epoxy/0.1 wt.% GN what can be caused by the filler
agglomeration. Only relatively high shares of GN (4 wt.%) caused
an increase in the value of the measured parameter compared to
materials containing 0.1 wt.% GN. Materials obtained with GO
were characterized by significantly higher values of T4 at higher
than 0.1 wt.% GO share of this filler in the resin. In addition, no
decrease in Ty values of these materials was observed with an
increase in the proportion of GO. This indicates better dispersion
of GO in the nanocomposites and improved interfacial interaction
due to the introduction of additional functional groups on the
graphene surface after the oxidation process [ 61,

As the thermal expansion coefficient describes changes in
material length as a function of temperature, it is an important
parameter for epoxy resin for its potential application as the
reinfforcement material. Analysis of this parameter in the
temperature range below Ty in the heating cycle indicated an
initial value decrease of CTE. Then, this value increased at higher
GN content (0.5 wt.%, 1 wt.%) to decrease again in materials
containing 2 wt.%. and 4 wt.% fillers. In contrast, results from the
cooling cycle indicated little change in the expansion coefficient of
4 wt% of

Nanocomposites with GO were characterized by a decrease in

materials containing less than graphene.

the linear expansion coefficient as the filler percentage increased.
Analysis of the coefficient of thermal expansion above the glass
transition

temperature of the obtained graphene-filled

nanocomposites showed, only in the case of Epoxy/4 wt.% GN,
its significant reduction compared to neat Epoxy L20. Despite a
gradual decrease in CTE with an increase of GN content in the
resin matrix, a higher expansion coefficient compared to the
unmodified matrix material was observed. This trend was
observed in both heating and cooling cycles. For GO
nanocomposites, a significant reduction in CTE values were
recorded up to 0.5 wt.% of GO filler.

As the GN materials have a very low coefficient of thermal
expansion 623 its incorporation into an epoxy resin can lower its
CTE. However, the key parameters affecting the mobility
limitation of polymer chain segments and consequently the
expansion coefficient are the homogeneity of the filler dispersion
and the high degree of filler-polymer interfacial interactions [ ¢4
where the introduction of additional functional groups can
increase their interactions 5. Therefore, GO, which dispersed
more effectively in the epoxy resin matrix, caused lowering of «
below Ty at lower filler content. In addition, the presence of
functional groups on the surface of GO improves the dispersion
in the resin matrix resulting in lowering the coefficient of thermal
expansion of Epoxy/GO nanocomposites also above Ty (where
the segments of the polymer chain gain greater mobility) even at
relatively low filler shares.

Mechanical properties studies

Selected mechanical properties results of neat epoxy resin and
EP L20 GN and EP L20 GO filled 0.1, 0.5, 1.0, 2.0, 4 wt.%
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graphene flakes and oxidized graphene flakes composites are

shown in Table 2.
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Table 2. Selected mechanical properties of EP L20 unfilled, EP L20 filled GN and L20 filled GO.

Material Density

(g/cm3)

Hardness

(GPa)

Young’s modulus
nanoindentation

(GPa)

EP L20+2 wt.% GO 1.2058

£0.0012

4.32 (£0.15 0.242(+£0.008

EP L20 neat 1.1935 (£0.0038)  4.04 (£0.05)  0.222(+0.003)
EP L20+0.1 wt.% GN  1.1870 (£0.0056)  3.72 (£0.03)  0.223(-£0.004)
EP L2005 wt.% GN  1.1804 (£0.0049)  4.15 (£0.09)  0.238(=0.006)
EP L20+1 wt.% GN  1.1794 (£0.0033)  3.90 (+£0.14)  0.225(-£0.013)
EP L20+2 wt.% GN 11908 (+£0.0038)  3.90 (£0.12)  0.220(0.042)
EP L20+4 wt.% GN  1.1996 (+0.0053)  5.25 (£0.15)  0.212(+0.018)
EP L20 0.1 wt.% GO  1.1813 (£0.0026)  3.80 (£0.11)  0.217(-£0.007)
EP L2005 wt.% GO 1.2010 (£0.0026)  3.80 (£0.13)  0.219(0.012)
EP L20+1 wt.% GO 1.2144 (£0.0036)  4.25 (£0.13)  0.217(=£0.006)

( ) ( ) ( )

( ) ( )

EP L20+4 wt.% GO 1.2080

+0.0036

5.60 (£0.25) 0.218(+0.028

In brackets measurement uncertainty, EP L20+wt.% GN - it means epoxy with graphene fillers, EP L20+wt.% GO- it means epoxy with oxidate graphene fillers.

To obtain statistically necessary results, a minimum of three
specimens per state was used. Young's modulus by
nanoindentation 6668 is vary due to differences in sample
composition. The measurement uncertainty is given in brackets of
Table 2. Elastic modulus measured with a Berkovich pyramidal
indenter increased significantly for EP L20 GO 1, 2, and 4 wt.%
doped flakes due to the formation of the inter-connecting
graphene network. Our tested nano-reinforced polymer-based
nanocomposite evidenced the fact that macroscopic properties
depend on the weight fraction of the heterogeneous inclusion at
the nanoscale.

During experiments the displacement and strain
distributions were obtained from the visible range (0.3 - 1 um)
image sequence using a Manta G-125B charge-coupled device
(CCD) camera and a digital image correlation algorithm software
developed in IPPT PAN by Nowak and Maj (2018) 9. The
average global strain obtained by DIC, was calculated by dividing
the displacement between the upper and lower edges of the
gauge region (measured using DIC) and dividing it by the original
gauge region length. The results show that all toughened up EP
L20 GO resin can carry higher stresses than the toughened EP
L20 GN resin. In tension and compression, a ductile response is
observed at quasi-static strain rate (£ = 0.001 s?). The axial
component of the nominal stress in tensile tests causes early
failure in the EP L20 GN 4 wt.% and EP L20 GO 4 wt.% polymer-
based nanocomposite. Observation of sample geometry during
tension tests at quasi-static constant elongation rate shows no
necking and no crazing in all EP L20 GN and EP L20 GO a

composites.

Tension tests

An experimental study under quasi-static tensile loading
conditions was conducted to detect the strength of EP L20
enriched with embedded carbon graphene and graphene oxidized
nanoflakes.

Tension specimens were cut from 2 mm thick plate for the

testing of nanomaterials available in the form of thin dog bone
shape. The specimen dimensions are shown in Figure 3 (a) and
represent a compromise between, on the one hand, a large radius
of curvature in the shoulders and a relatively long parallel gauge
length, to minimize stress concentrations and, on the other hand,
a short overall length to allow an early attainment of quasi-static
equilibrium. The specimen end tabs were clamp into parallel-
sided slots in the loading bars of the MTS testing machine used
for the quasi-static strain rate tests. The displacement measured
between the adjacent ends of the loading bars was assumed to
be concentrated over a central 6 mm gauge region of the tensile
specimen. In all the MTS machine tests, strain gauges attached
to the specimen, had gave the axial strains which agreed well with
those determined by DIC methods in this area.
Figure 8 (a) shows the mean stress-strain response for nominally
identical tests on EP L20 neat epoxy resin and epoxy filled GN
nanoflakes while Figure 8 (b) shows the mean stress-strain
response for neat epoxy resin and epoxy resin filed GO
nanoflakes during the uniaxial tension process for quasi-static
strain rates € = 0.001 s. As seen, tensile properties show an
upward trend with the addition of GO and reach the highest point
at 0.5 wt.% of GO.
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Figure 8. Stress-strain response of (a) L20 epoxy resin filled GN flakes and (b)
epoxy resin filled GO flakes during the uniaxial tension process for quasi-static

strain rates.

With results obtained by DIC method through conducted and
presented tests, the evolution of the strain fields components
distribution maps for EP L20 2 wt.% GO sample for a nominal
strain, as representative for increase inelastic deformation, are
presented in Figure 9 (a, b, c¢), Figure 10 (a, b, ¢) and Figure 11
(a, b, c). All maps were presented in the same way in progress for
following nominal strains e = 0.001, 0.01, and 0.02. The
interpretation of strains is depending on the coordinate system,
for tensile specimen the axis direction of applied coordinate
system are shown in Figure 3 (a). The strain field in the transverse
&xx direction is reported in Figure 9 (a) for a nominal strain of
e€=0.001 for specimen EP L20 2 wt.% GO.
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Figure 9. The distributions of logarithmic strain fields for the transverse Ex axial

&y and shear e,y components during the uniaxial tension process for quasi-static

Figure 10. The distributions of logarithmic strain fields for the transverse é&xx,
axial &y and shear &, components during the uniaxial tension process for quasi-

static strain rates. The field plots correspond to a nominal strain of e = 0.01.

Figure 11. The distributions of logarithmic strain fields for the transverse éexx,
axial &y and shear &y components during the uniaxial tension process for quasi-

static strain rates. The field plots correspond to a nominal strain of e = 0.02.

The strains are scattered throughout the surface and the values
are so closely matched. In tension the axial displacement
increasing evenly as the load increased. However, the strain field
in the longitudinal &y direction obtained for testing specimen EP
L20 2 wt.% GO are nonhomogeneous and is reported in Figure 9
(b) for the same a nominal strain of e = 0.001 like in Figure 9 (a).
The initiation of the effect of weave pattern on the strain field can
be seen in Figure 9 (b), but this effect of the weave on the strain
field in the tension direction is not yet distinct. The strain field of
the &xy similarly to & is also evenly distributed and can be seen in
Figure 9 (c).

For more advanced stage of the deformation with nominal
strain of e=0.01 for specimen EP L20 2 wt.% GO, the tensile strain
field in the transverse &xx direction is reported in Figure 10 (a).
The strains exx with maximum value represented by red color in
the middle of top and bottom edges considerably increase. The

strain field in the longitudinal &y direction, obtained while testing
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specimen EP L20 2 wt.% GO, is reported in Figure 10 (b) for a
nominal strain of e=0.01. The effect of the weave pattern on the
strain field &y is also visible in Figure 10 (b), but the effect of the
weave is more emphasized. In Figure 9 (c) the values of strain &xy
start to increase in left top and right bottom corners.

Consider the deformation for a nominal strain of e=0.02 the
strain field in the transverse &x direction is reported in Figure 11
(a) for specimen EP L20 2 wt.% GO. The strains &x decrease in
center regions, but the strains are more intensively localized in
center of top and bottom region of sample. The strain field in the
longitudinal &yy direction, obtained while testing specimen EP L20
2 wt.% GO is reported in Figure 11 (b) for the same a nominal
strain of e = 0.02. Again the effect of the weave pattern on the
strain field &y can also be seen in Figure 11 (b). Furthermore, the
effect of the weave on the strain field in the longitudinal direction
&y is more significant. The shear strain field &xy for a nominal strain
of e = 0.02 still increase and can also be seen in Figure 11 (c),
and more intensive strains are developed into top left and into
bottom right corners of sample.

The repeatability of the tension tests showed much more
variability. Specimens broke in an apparently random manner in
the middle of the gauge section or at the transition between the
parallel gauge section and the tab, giving very different results as
illustrated in Figure 8 (a, b) for quasi-static tests. The brittleness
of all EP L20 GN and EP L20 GO materials, indicated by the strain
at break attributed to fractures in Figure 8 (a, b), is a contributory
Although

considerable care was taken to ensure axial setting of the test

factor to the scatter of the results in tension.

piece, the bending stresses introduced by even minor
misalignment in sample could cause too early failure. Even if a
perfectly uniform state of tension were to be achieved, scatter
would still arise, since existing microvoids. In the final specimen’s
analysis just immediately after tensile tests reveals that the mode
of failure in tension can be identified explicitly as the brittle fracture
for EP L20 GN and EP L20 GO specimens of the present study.
In Figures 8 (a, b) the initial tension modulus, the maximum stress
reached and the corresponding tensile strain, offers a
representation of behavior of enrich epoxy-resin. For each

enriched EP L20 nanocomposite with embedded carbon
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graphene nanoflakes there is an increase in modulus and different
maximum stress for corresponding strain under low strain rate
loading, the maximum stress effects being most marked for the
epoxy resin with 0.1 wt.% GN and 0.5 wt.% GO specimens. The
general trends illustrated in Figures 8 (a, b) are reproducible and
allow a qualitative ranking of tested materials.

Compression tests

The specimen for compression tests is a cylinder defined by its
aspect ratio L/D=1.56 and is compressed between two flat-ended
steel plates. Quasi-static uniaxial compression tests were
conducted on the MTS 585 Mini Bionix Il electric mechanical
universal testing machine under displacement controlled uniaxial
compression at room temperature (298 K). All  tests  were
reproduced minimum three times to guarantee accuracy.
Experiments were successfully performed on formulations of
epoxy matrix and with varying GN and GO flakes at quasi-static
strain rates £ = 0.001 s™*. A mean stress-strain plots for neat EP
L20, EP L20 GN and EP L20 GO at quasi-static strain rate are
shown in Figure 12 and Figure 13.

These figures clearly show the dependence of yield strength
on the graphene dopant as well as the strain softening and
hardening effect. This is representative of the trend displayed by
all tested materials. The friction between the specimen and the
loading bars has not been taken into account when investigating
the strain of tested nanocomposite over a strain rate range of
102 s'. Mean stress-strain curves for three nominally identical
tests on EP L20 GN specimens are presented in Figure 12 and
demonstrate that the results are extremely repeatable. In this
graph, and all others presenting results in terms of true stress and
true strain, incompressibility was assumed, and the maximum
volumetric strain in these tests being estimated at only 2 wt.%.
Mean quasi-static stress-strain curves for the EP L20 GO resin
are reported in Figure 13. The stress-strain curves have a very
similar shape but the gradients in the strain stiffening region vary
slightly. As the strain on the specimen increased, the specimen

showed cracks on the surfaces aligned in vertical directions.
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Figure 12. Stress-strain response of EP L20 resin filled with weight fractions
graphene flakes: 0.1, 0.5, 1, 2 and 4 wt.% GN at quasi-static strain rates shows
typical post yield softening, and strain hardening.
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Figure 13. Stress-strain response of EP L20 resin filled with weight fractions
graphene oxidized flakes: 0.1, 0.5, 1, 2 and 4 wt.% GO at quasi-static strain
rates shows typical post yield softening, and strain hardening.

Results and analysis
This section discusses the impact of 0.1, 0.5, 1, 2, 4 wt.% of GN

and GO nanoparticles on the strength of an epoxy nanocomposite.

the EP L20

nanocomposite under uniaxial compression loading at room

The mean stress-strain response of
temperature and strain rate 0.001 s is shown in Figure 12 and

Figure 13. The material exhibits following mechanical
characteristics: initial elasticity, yielding, strain softening and
strain hardening. The first observation is that for quasi-static strain

rates compression tests, specimens deform in a ductile manner
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up to a strain of 0.30. In these tests, the stress-strain responses
are similar and stress-strain curves are smooth.

The correlation between the displacements measured with
mechanical gauges and with DIC was highly satisfactory. DIC can
capture multi-direction field strains of regions which are smaller
than common strain gauges. In tension tests the consistent
measurement results showed the opportunity for measuring and
observing the fracture strains of EP L20 GN and GO
nanocomposites materials and capture how the stresses are
influenced by these strains. The results of tension tests obtained
with DIC (Figures 9-11) gave insight on how the strains were
distributed on sample surface, and how the strains in the
transverse direction had an effect on the strain localization was
expected. Additionally, DIC helped detecting anomalies in some
tests that would have otherwise ignored the results from

traditional equipment.

Tensile strength

A stress-strain response of graphene-resin nanocomposite
subjected to monotonic loading at room temperature exhibits in
case of tension increase in the stress until fracture.
Figures 8 (a, b) illustrate the tensile stress-strain curves for L20
epoxy resin filled GN and GO nanoflakes and epoxy neat resin
during the uniaxial tension process for quasi-static strain rates &
= 0.001 s, respectively. In Figure 14 (a, b) the ultimate tensile
strength values for EP L20 GN and EP L20 GO nanocomposites
are presented.

The tensile strength of filled epoxy-resins is between 37 and
50 MPa for EP L20 GN and between 30 and 51 MPa for EP L20
GO at quasi-static strain rate. For EP L20 GO nanocomposites
the increased tensile strength can be attributed to the oxidation
on the GN particles surfaces, which gave them the crumpled and
wrinkled structure (TEM micrographs in Figure 5) and promoted
interlocking and restriction of the epoxy resin chains against
mobility on the application of load. However, increase in L20 GO
concentration of flakes to 4 wt.% reduced the tensile strength to
about 30 MPa. The reduction of strength can be attribute to the
unavoidable formation of nanoparticles clusters in the epoxy
matrix as its content increased, which result in more nanoparticles
interactions than nanoparticles to matrix interactions. This leads
to poor load transfer from the matrix to the nanoparticles due to

reduction in adhesion between the nanocomposites components.
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flakes during the uniaxial tension process for quasi-static strain rates.

Hardness

The nanoindentation hardness values obtained for the unfilled
epoxy and its nanocomposites are summarized in Table 2.
Graphically, the change in hardness with reference to the
percentage of additives blended with epoxy resin matrix is shown
in Figure 15(a, b). From the Table 2 and in Figure 15 (a, b), it is
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Figure 14. Tensile strength of the nanocomposite with different nanoparticle weight percentages (a) L20 epoxy resin filled GN flakes and (b) epoxy resin filled GO

0 0.1

inferred that the neat epoxy displays its hardness as 0.222 GPa
while a maximum the hardness values found of 0.238 GPa is
noticed for a composite EP L20 GN having 0.5 wt.% GN (in Table
2 EP L20+0.5% GN). In the case of all EP L20 GO series, the
hardness values increased to a maximum of 0.242 GPa for a
composite EP L20 GO having 2 wt.% (in Table 2 EP L20+2 wt.%

GO) in contrast to all other compositions.
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Figure 15. Hardness of the nanocomposite with different nanoparticle weight percentages (a) L20 epoxy resin filled GN flakes and (b) epoxy resin filled GO

flakes during the uniaxial tension process for quasi-static strain rates.

Decomposition of stress-strain response

A stress-strain response of graphene-resin nanocomposite
subjected to monotonic loading at room temperature demonstrate,
in case of compression load, elastic deformations until yield
followed by post yield plastic flow, and finally strain hardening at
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large strains (e.g. Figure 12). The overall trend of the stress-strain
response for compression is similar for all type of EP L20 samples.
In compression the stress-strain post yield plastic flow response
can be distinguish the upper and lower yield stress, which are
defined as a points 0o/ 0¢, (see Figure 11 and Figure 12). The

upper yield stress and the lowest post yield stress for samples
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with different nanoparticle weight percentages are presented in

Figure 16 (a, b), respectively.
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Figure 16. The yield stresses of the nanocomposite with different nanoparticle weight percentages (a) L20 epoxy resin filled GN flakes and (b) epoxy resin filled

GO flakes during the uniaxial compression process for quasi-static strain rates.

There is substantial change of the upper and lower yield
stress. The upper yield stress is between 82 and 89 MPa for EP
L20 GN and between 86 and 91 MPa for EP L20 GO at quasi-
static strain rate £ = 0.001 s™.

The stress-strain response up to yield as a function of strain
can be described using an elasticity model. The initial elastic
slope of the stress-strain curve slightly increases with increase of
the weight fraction of graphene dopant Figure 8 (a, b). However,
for plastic flow response J; plasticity flow equations usually are

used to predict the strain and stress states.

Summary and concluding remarks

This work demonstrates the incorporation of the GN-based fillers
in the epoxy resin matrix with different GN and GO content over
the resin volume, where the filler was uniformly dispersed into the
bulk material. The main objective of this study is a comprehensive
investigation of the mechanical properties of epoxy polymer
nanocomposites infused with graphene-based nanoflakes,
ranging from neat epoxy production to the characterization of
nanoflakes and subsequent mechanical testing. However,
besides the thermal and mechanical aspects of this work, the
improvement of the stability of the suspension during cross-linking
with the GO was studied. As the GO contains oxygen onto its
structure in the functional groups, the dispersion was improved
leading to the enhanced abovementioned properties. The weight
fractions of up to 4 wt.% were studied, employing a thermo-

mechanical analyzer, SEM and HR-TEM techniques to confirm
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well-defined filler morphology and their incorporations in polymer
matrix. Tension and compressive tests were conducted at room
temperature using a universal testing machine, and the resulting
stress-strain responses, along with deformation processes
monitored through Digital Image Correlation (DIC), provided
valuable insights into quasi-static strain rate deformations.

The experiments revealed notable trends in the mechanical
behavior of the epoxy matrix doped with graphene flakes. Tensile
tests exhibited experimental scatter of the strain at break
attributed to brittle fractures, yet discernible trends showed a
significant increase in initial modulus and a slight rise in maximum
stress. Compression tests for EP L20 GN and EP L20 GO
highlighted changes in yield strength and elastic modulus with
varying weight fractions of graphene nanoflakes, illustrating a
consistent trend across materials.

Achieving a uniform dispersion of filler in the matrix is crucial
for nanocomposites, impacting interfacial effects. Despite efforts
to homogenize the distribution, unevenness may persist due to
interactions such as hydrogen bonds, =-n interactions, and
electrostatic forces.

The test results indicated that inclusion of graphene into
nanocomposites resulted in low coefficients of thermal expansion
(CTEs), and increasing graphene fraction reduced CTEs more
significantly. The 4 wt.% graphene oxide-based nanocomposite
shows 12.5 % reduction of CTE in heating cycle and 5 %
reduction of CTE in cooling cycle below the glass transition
temperature. An increase of 14 °C in the glass transition
temperature was observed along with the reduction of CTE in
heating cycle.
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The tensile strengths show improvement with particles
smaller than 1 % weight fraction, while even at a low 0.1 wt.%,
inadequate dispersion and flakes agglomeration can reduce
tensile stress. The compressive yield stress increased to a
maximum of 90.86 MPa for the epoxy nanocomposite having 2
wt.% oxidized graphene flakes.

Recent research has intensified the exploration of particle-
matrix interactions, emphasizing the need to understand these
interactions at the molecular level and their effect on the
physicochemical characteristics of the obtained nanocomposite.
In this study, the presence of oxygen atoms on graphene flakes
facilitated favorable conditions for hydrogen bonding interactions,
contributing to an enhanced locally ordered structure and 7=z
interactions with the polymer matrix. The identified mechanical
response features lay the groundwork for developing constitutive
models tailored to nanocomposites enriched with the graphene.

The findings from thermal tests provide a reasonable
recommendation for graphene-enabled thermal management in
electronic engineering, while the mechanical studies confirm the

promising properties to be used in other industrial sectors.
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