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Abstract

Agglomerations effects of graphene-based nanofillers are often reported in the litera-
ture to be the main reason on the deterioration of the mechanical properties, espe-
cially at high filler loadings. In our study, we focused on the correlated effects of
plasma-treated graphene nanofillers on the curing reaction and mechanical properties
of an epoxy matrix. Specifically, we explored the effect of dispersion state, planar
size, filler content, surface functionalization and stoichiometric ratio on the epoxy
curing process. The surface of the treated graphene nanofillers were studied in detail
by X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and X-ray diffrac-
tion (XRD). The results indicated greater presence of oxygen containing groups with
the crystallinity to be unaffected after the plasma process. Dynamic Mechanical Anal-
ysis (DMA) was used to assess the changes in both the T, and the mechanical proper-
ties of graphene-epoxy nanocomposites. Rheological and microscopic data showed
that a well-dispersed material was achieved at high filler loadings with the use of
calendaring and plasma functionalization. Although, a well-dispersed material was
achieved on the bulk composite, no further mechanical reinforcement was observed
at high filler loadings. The adsorption of epoxy groups onto the graphene nanofillers'
surface, leading to a stoichiometric imbalance between the epoxy chains and hard-

ener molecules, was proposed to explain the results.

KEYWORDS
curing effects, dispersion state, dynamic mechanical analysis, epoxy resin, plasma-treated
graphene sheets

structure.? Since the relationship between the structure and proper-

ties of the epoxy systems is the foundation of the material design,

Epoxy resin is a well-established thermoset polymer with a wide vari-
ety of applications ranging from electronics to aerospace, due to its
excellent properties, including stiffness, durability, light weight, low
toxicity and low cost.? Curing of the epoxies is achieved by the reac-
tion between linear prepolymers and cross-linking agents (hardeners),

resulting in a highly crosslinked, three-dimensional macromolecular

cured resins with a variety of properties can be obtained by changing
the chemical structure of epoxy resins and curing agents,>* the cure
schedule® and the epoxy/hardener ratio in the reaction mixture.®’
One of the properties that can be affected by these factors is the glass
transition temperature (Tg), which is the temperature range where a

thermosetting polymer changes from a hard, rigid or “glassy” state to
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a more pliable, compliant or “rubbery” state.® For this reason, under-
standing the curing process in the epoxy matrix is necessary to opti-
mize the physical properties of the final product.

The addition of nanofillers, like graphene or functionalized gra-
phene nanofillers, to epoxy systems can deliver significant enhance-
ments in properties such as stiffness and strength at very low filler
loadings. However, the incorporation of these nanofillers at high filler
loadings with the epoxy matrix allows the fillers to interact with the
reactive resin and hardener. This results in modified stoichiometry and,
consequently, reduced T, values.” ! According to these reports, the
reduction of T is mainly due to the following effects; Firstly, the exces-
sive filler loadings of graphene nandfillers act as a barrier, hindering the
epoxy/hardener interactions. Secondly, the increase of polymer viscos-
ity which results to the steric effects of the polymer chains and thirdly,
the homopolymerisation that occurs between the hydroxylic groups on
the graphene surface and the epoxy groups.**~3

On the other hand, a different approach has been suggested by
Liu et al.** who reported a sharp decline in T, when increasing the
filler loading of nanoalumina in an epoxy system. Specifically, they
described the adsorption effect, in which epoxy molecules are physi-
cally adsorbed on the surface of nanoalumina fillers and create an
epoxy-rich interphase that does not react readily with surrounding
hardener molecules. Due to the high surface area of these materials,
this necessarily creates an amine-rich bulk matrix elsewhere, hence an
altered stoichiometry and reduced T,. A similar adsorption effect has
been reported for surface-treated carbon fiber-based epoxy
composites,*>~17 highlighting that carbon fiber and graphite surfaces
can adsorb curing amine, resulting in a non-stoichiometric composi-
tion at the interphase. Therefore, such effects are important to be well
understood because any changes to curing could lead to a detrimental
effect on composite mechanical properties.

In addition to the curing effects, the mechanical properties of
filled polymers and nanocomposites are strongly linked to the ade-
quate dispersion of the nanofiller in the pre-polymer during the com-
posite preparation.*®-2 It has been reported?2~2 that above a certain
filler loading, the Young's modulus of the final nanocomposites
remains stable. Although, these optimum filler loadings can be very
low (<1 wt.%), where non-significant flake-to-flake interactions would
occur, this effect is often associated with agglomerations resulting in
lower stress transfer efficiency. However, these reports have not con-
sidered the curing effects, and consequently the relationship between
the curing effects and the mechanical reinforcement has not suffi-

ciently investigated, especially regarding to the nanofiller loading.

Thickness (nm)

Samples d-Spacing (nm) B, FWHM (°) XRD TEM

FLG 0.3548 3.07 £0.102 271 4.26 +1.30
FLG-COOH 0.3694 3.47 +0.07 2.35 28+09
rGO - - - 1.73 + 0.49

Clearly the addition of nanofillers to cross-linked epoxy resins has
an influence on the curing of the base polymer. If the matrix proper-
ties are diminished compared to an unfilled material, then the
expected composite properties will not be achieved, and the reinfor-
cing effect of the nanofillers could be somewhat masked. Therefore,
this study sets out to establish a better understanding of the effect
graphene based nanofillers have on the curing of the epoxy systems
and to evaluate their impact on the mechanical properties of the
matrix. The influence of key parameters, such as filler loading, disper-

sion state, planar size and stoichiometry have been explored.

2 | EXPERIMENTAL

21 | Materials

Three graphene powders were investigated in this study. Two, “few
layer graphene” (FLG) powders were supplied by Haydale Ltd; an
unfunctionalized FLG “pristine” and the same FLG material, plasma
treated in a COOH atmosphere (HDPlas®GNPs). The third material
was rGO (partially reduced GO) supplied by Avanzare. Detailed chemi-
cal and morphological characterizations are included on the Supple-
mentary Section S1. According to the suppliers' data sheets, the
planar size and the thickness of FLG materials is ~8 and 2 nm, respec-
tively. The rGO has a planar size of ~40 um and thickness of <3 nm.
Table 1 represents the thickness of the materials via XRD and TEM
data (as described at Supplementary Information S1) in comparison
with the suppliers' information.

A commercial resin system supplied by Easy Composites Ltd,
(“IN2 epoxy infusion resin”, 1,6-bis (2,3-epoxypropoxy)hexane,
epichlorohydrin-formaldehyde-phenol polymer and bisphenol-A-(epi-
chlorhydrin) modified epoxy resin). The infusion resin was catalyzed
using the Easy Composites Ltd. AT30 fast hardener (cycloaliphatic and
aliphatic amine-based mixture) with a ratio of 100:30, giving a pot-life
of 9-14 min, a gelation time of 2-4h and is de-mouldable in

around 6 h.
2.2 | Preparation of graphene-epoxy
nanocomposites

Nanocomposites of FLG, FLG-COOH and rGO from 0.25 to 2 wt.%

were manufactured using two different mixing methods. Maximum

TABLE 1  Thickness from XRD and
TEM analysis of FLG, FLG-COOH
Suppliers' data (nm) and rGO.
2
2
<3

Note: The measured thickness from the XRD data was calculated using the Scherrer equation.?”
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concentrations of 2 wt. % and 0.5 wt.% for rGO were reached due to
the high viscosity of the systems containing FLG, FLG-COOH and
rGO, respectively.

221 | One step method: Speed mixing
method (SM)

Graphene filler was well mixed in IN2 epoxy infusion resin, using a
speed mixer (Dual Asymmetric Centrifuge 800.1 FVZ) with a speed of
1950 rpm for 5 min. Then, the mixtures were degassed for around 1 h

in a vacuum chamber in order to remove any trapped air.

2.2.2 | Two-step method: Speed mixing method
(SM) and three roll mill (TRM)

The same SM procedure as the one step method was followed with-
out degassing. In order to enhance dispersion, a calendaring process
was adopted as follows: The dispersion of the filler was performed
using an Exakt 80E three roll mill (Exakt GmbH) in two steps. In this
system, the narrow gaps can be controlled from 5 to 200 um between
the rollers, combined with the mismatch in angular velocity of the
adjacent rollers, result in locally high shear forces with a short resi-
dence time. One of the unique advantages of this technique is that
the gap width between the rollers can be mechanically or hydraulically
adjusted and maintained, thus it is easy to get a controllable and nar-
row size distribution of particles in viscous materials.

A total of five passes were performed at varying speeds and nip
gaps, to gradually breakdown the agglomerates. The three rollers are
identified as the feed roller, Ny, the central roller, N, and the apron
roller, N3. The ratio of roller speeds for N1:N,:N53 is 1:3:9 and the

Mix
Graphene degas

process

One step &
process 5 min - -
2 min

Mix
Graphene '\ :“;phene;gﬁglomu:lmns
»\)-ﬁ olymer chains
L
o,
Two step ﬁ ‘ ) !
Epoxy
process pox) \
! 5 min y 2
Gap L: 45 pm (x1) )
15 pm (x4)
Gap 2: 15 pm (x1)

S jpm (x4)

FIGURE 1 Schematic illustration of fabrication methods.

technologies

speed is specified as the rpm of the apron roller (N5). During the first
pass, the apron roller speed was 350 rpm and the gap sizes between
roller pairs were: N;-N, =45 um and N>-Nz = 15 um. For the
remaining passes (2-5) the apron roller speed was 450 rpm and the
roller gaps were reduced to: Ni-N, =15 um and Ny-N3z =5 um.
Then, the mixtures were degassed for 1 h in a vacuum chamber.

After mixing the commercial resin dispersions were mixed with
the hardener (AT30) at a ratio of 100:30 (resin: hardener) for 2 min in
the SM with speed 1950 rpom and they were degassed again for
10 min as the pot life of the hardener is 15-20 min. For DMA mea-
surements, mixtures were then casted into aluminum molds at room
temperature for 6 h and then cured in the oven at 60°C for 12 h. A
schematic is presented in Figure 1 that includes all the steps for the

fabrication of the composites.

2.3 | Dispersion study

The properties of graphene/epoxy nanocomposites depend greatly on
the degree of graphene dispersion and exfoliation in the pre-polymer
at the resin preparation level. Rheology has been used in order to
evaluate analytically the dispersion and the interconnection of gra-
phene nanofillers in epoxy-based dispersions. Steady shear experi-
ments were conducted in Bohlin C-VOR 200 shear rheometer. A
parallel aluminium plate geometry (500 um gap and 40 mm diameter)
was used to analyze the dispersions. The flow properties of the
graphene-based epoxy liquids without the addition of hardener were
studied using the rheometer in rotational mode. Shear viscosity (n)
and shear stress (r) were recorded in the shear rate range 0.15-
1000 s~ 1. The delay time for each step was 5 (s) and the integration
time was 5 (s). All the measurements were performed at 25°C and

repeated three times and the average was taken along with the

Mix
Hardener

pour the
graphene
dispersions
on the
moulds
degas Mix
process Hardener
pour the
graphene
- - dlspersions
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moulds
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standard deviation. All the rheological parameters were calculated
using the Bohlin C-VOR 200 software.

The microstructure analysis of graphene-based epoxy composites
was performed by Scanning Electron Microscopy (SEM) analysis. The
composites were frozen in liquid nitrogen and then broken manually.
The samples have been sputter coated with an overlayer of Au-Pd
alloy (BIO-RAD SC500) and their fracture surface was investigated
using a Zeiss Sigma HD Field Emission Gun Analytical SEM.

24 | Dynamic mechanical analysis (DMA)

DMA was used to provide information about the storage modulus and
the tan delta (tan §) within the measured temperature range of the
functionalized graphene- composites. The temperature at the maximum
tan & value was taken as glass-transition temperature (Tg). Dynamic
mechanical analysis (DMA) measurements were performed using Perkin
Elmer DMAB800O0, with specimen dimensions of ~17 mm x 5 mm x
2 mm. The single cantilever bending mode with a displacement of
0.05 mm applied at 1 Hz was used for all specimens. The temperature
was ramped from room temperature to 140°C at a heating rate of 3°C/
min and a minimum of five specimens were measured for every batch.
At room temperature, strain multiplex measurements were also per-
formed using a strain range 0.001-1 mm with a constant frequency
1 Hz. The samples were tested within their linear viscoelastic region
(LVR) to ensure low force conditions that do not destroy the polymer

structure.?® The choice of the strain (displacement) control for applying

the deforming load to the sample was selected in the range that the
dynamic strain and stress showing a linear relationship.2’ For all the
composites, strain and stress are linearly related and the displacement
of 0.05 mm was selected. The analysis was performed using the Perkin
Elmer Pyris software. The clamp compliance was investigated and
accounted for in the storage modulus calculations in line with the pro-

cess described by Duncal et al.*°

This process is outlined in detail in the
Supplementary Information document (Section 2). All the samples were
kept in a desiccator between manufacture and testing in order to avoid

any moisture absorption.

2.5 | Thermal analysis

A Perkin Elmer TGA/DSC 3+ was used to obtain information on the
thermal stability of nanofillers and the nanofiller-based epoxy com-
posites. The samples were measured in aluminum oxide crucibles
using a sample weight of ~10-15 mg and were heated from 25 to
800°C at the heating rate of 5°C/min under a nitrogen atmosphere. A

minimum of three measurements was repeated for every material.

3 | RESULTS AND DISCUSSION
XPS analysis was conducted in order to study in depth the surface
chemical structure and composition of FLG, FLG-COOH and rGO

powders used as reinforcements. Figure 2 illustrates the XPS scans in

FLG Cls (A) FLG-COOH Cls (B) rGO C1s _— (©)
. peakl peak 1
:_ sp’C oz sp’C P
s = =
N’ & 4
s g <
= z b
7] )
= ‘; :
3 = =
G D -C-0
= nn* OO D(eaga sp°C = WRY. GO0, peskd sp’c E
peak 5 peak 4 poak2 L) peak 5 peak 4‘ A E
295 290 285 280 295 290 285 280 295 29 285 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
FLG Ols (D) FLG-COOH O1s (E) GO Ols <-0 (F)
peak3 A
o
= -C-0 0-c-0
&' peak 2 peak 2
= S -c=0
z} psal\ 1
) Chemisorbed oxygen
s 0 peak 3
X -c=0
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FIGURE 2 XPS C 1sand O 1s scans of FLG (A-D), FLG-COOH (B-E) and rGO (C-F).
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the C 1s and O 1s regions. In detail, the C 1s scan (Figure 2A-C)
showed the presence of C—C bonding at 284.3 eV (peak 1) binding
energy attributed to the graphene structure.3! This sample is predomi-
nantly graphitic in nature and a fit derived from a pure graphite refer-
ence (cluster cleaned HOPG)®? was used as the basis for the graphitic
contribution to the C (1s) envelope. The remaining signal can be
attributed to carbon-oxygen functionalities, which have been fitted
with peaks of similar full width at half maximum (FHWM). Specifically,
a peak at 285.6 eV (peak 2) have been attributed to defects in the car-
bon nanotube structure (sp3 hybridization) as well as the peaks at
287.4 eV (peak 3) and 289.3 eV (peak 4), corresponding to carbon
atoms attached to oxygen groups, —C=0O and —COO (O—C=0),
respectively.33>3* Finally, the ri-t* transition loss peak was detected
at 291.3 eV (peak 5), which indicates that the delocalized it conjuga-
tion is restored in graphene sheets.®> Regarding the O 1s scan
(Figure 2D-F) was fitted to four peaks: peak 1 at 532.1 eV corre-
sponding to the oxygen with a double bond to carbon (—C=0), peak
2 at 533.3 eV corresponding to oxygen with a single bond to carbon
(—C—0),%¢ peak 3 at 535.9 eV corresponding to the oxygen atoms
absorbed on the graphene surface®” and peak 4 at 538 eV originates
from oxygen of the residual ambient air. After the plasma process, the
O 1s peak of FLG-COOH mainly comes from the residual epoxy
groups C—O and carbonyl groups C=0, which is consistent with the
analysis on the C 1s spectrum (Figure 2B). In the case of rGO, the O
1s scan (Figure 2F) was fitted mainly with three satellite peaks: peak
1 (530.5eV) is assigned to double bonded oxygen (C=O), peak
2 (532 eV) is for oxygen atoms with two bonds to carbon (C—O—C)
and peak 3 (533.5eV) is for oxygen atoms with one bond to car-
bon (C—O).

Finally, XPS survey scan is presented (Figure S1), illustrating the
presence of oxygen and carbon elements. The atomic and weight con-
centrations of each element present on the surface of the graphene
nanofillers are summarized in Table 2. Following the XPS analysis, the
oxygen contents were found to be 0.98 at.% for untreated FLG,
~6 at.% for FLG-COOH and ~11 at.% for rGO.

Figure 3 represents the FLG, FLG-COOH and rGO/epoxy suspen-
sions in terms of shear viscosity (A, C, E) and stress (B, D, F) as a func-
tion of shear rate, respectively. For all samples, a growing shear stress
was observed for both increasing shear rates and increasing weight

fractions. Shear viscosity has been used as a key-parameter to

technologies

optimize the dispersion level; it is a cause effect of the dispersion
which becomes high when good dispersion is achieved.*® In our data,
up to 0.5 wt.% the viscosity is stable and relatively similar with the
pure epoxy resin, which means that these composites are below the
percolation threshold with the agglomeration effects to be negligible.

By increasing the concentration to 1 wt.%, there was a general
increase on the viscosity for the speed mixed composites in compari-
son with the other concentrations. Applying the TRM as a mixing
method, a transition from Newtonian to shear-thinning behavior was
observed, suggesting the existence of a well-dispersed graphene net-
work, which increases the viscosity at rest and low shear rates and
breaks up into the isolated particles at higher shear rates. The effi-
ciency of the TRM was also demonstrated in the case of rGO, as
shown in Figure 3E,F.

Interestingly, the addition of the plasma-treated material did not
raise the viscosity of the system as much as the untreated nanofiller.
At a low shear rate region (below 1 s~Y), the values of viscosity of
FLG and FLG-COOH were found 6.26 and 2.15 Pa s for the same
filler loading (1 wt.%), respectively. As reported by Valley et al., 2 this
different behavior must be related to the existence of different inter-
actions filler-polymer due to the different levels of functionalization.
In fact, FLG with a higher C/O atomic ratio than the FLG-COOH pro-
vided a higher viscosity and hence a more homogeneous dispersion in
the epoxy matrix. These results suggest that the addition of carboxylic
groups added after the plasma process does not provide better disper-
sion on the epoxy system at high filler loadings. On the other hand,
the increase of the hydroxylic and epoxy groups (—C—O and O—C—0O,
respectively) on the surface of rGO as well as the higher aspect ratio
of rGO (planar size: 40 um) leaded to a great enhancement of the vis-
cosity with only 0.5 wt.% rGO mixed by TRM, reaching 31.77 Pa s at
low shear rates (below 1 s72).

Figures 4 and 5 summarized the morphological investigation per-
formed on a cured state of the nanofillers into the epoxy matrix by
using SEM. Comparing the two mixing methods, a more densely
packed agglomerates were observed in the case of fracture surface of
HSM-mixed composites, as shown in Figure 4A-C and Figure 5A-C.
Moreover, a fairly uniform distribution is achieved using the TRM
technique for both of materials with the surface roughness to be
increased, as presented at Figures 4B-D and 5B-D. This arises due to

the better distribution.3’ Regarding to the effect of plasma-treatment,

TABLE 2 Atomic and weight percentage of surface element composition for all the samples.
Element (at.%) (wt.%)
Oxygen content (at.%)
Chemisorbed Oxygen Carbon Silicon Sulfur
Sample —C=0 -C-O O-C-O oxygen 0, (O 1s) (C 1s) (Si 2p) (S 2p) C (o}
FLG 0.36 0.48 - 0.09 0.36 0.98 99.02 - - 98.69 1.30
FLG- 2.42 2.87 = 0.20 0.12 5.61 94.39 = @ 92.65 7.34
COOH

rGO 0.73 6.88 3.72 — - 11.33 88.07 0.24 0.09 85.35 14.64

Note: The calculation was performed from the O 1s and C 1s high resolution XPS spectra.
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FIGURE 3 Steady shear curves (shear viscosity and stress as a function of shear rate) of FLG (A, B), FLG-COOH (C, D) and rGO (E, F)
dispersions in epoxy resin at different concentrations.

FIGURE 4 SEM images of fracture surface of 2 wt.% FLG/epoxy composites mixed by HSM (A, C) and TRM (B, D). Yellow arrows have been
used in order to highlight the wrinkle surface of few layer graphene sheets.
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FIGURE 5

SEM images of fracture surface of 2 wt.% FLG-COOH/epoxy composites mixed by HSM (A, C) and TRM (B, D). Yellow arrows

have been used in order to highlight the wrinkle surface of few layer graphene sheets.

3,5 90
—n—FLG (A) [m-FLG (B)
= —m— FLG-COOH m—-FLG-COOH
B ~m—-rGO 88 1 -m-rGO
<)
g 3,04
= /é / g " %
T R ;
o —
?‘9 2,5 +
3
- 82
a n
TRM TRM
2,0 T T T T T 80 T T T T T
0,0 0,5 1,0 1,5 2,0 0,0 05 1,0 1.5 2,0

Filler content (wt.%)

FIGURE 6
nanofiller concentration prepared by TRM mixing method.

it was difficult to identify the differences between the dispersion of
FLG and FLG-COOH. However, some agglomerations were observed
(Figure 5D), indicating the difficulty to overcome the high adhesive
van der Waals forces despite the high shear forces applied by TRM.
Figure 6 illustrates the variation of storage modulus (A), T, (B) and
loss modulus (C) for pure epoxy and its composites reinforced with
FLG, FLG-COOH and rGO, as a function of the filler concentration.
Similar results are obtained for the composites mixed by SM, as

Filler content (wt.%)

Storage modulus at 30°C (A), T (B) values for FLG, FLG-COOH and rGO/epoxy nanocomposites, respectively as a function of

presented in Supplementary Information Figure Sé. By introducing
0.25 wt.% of FLG, FLG-COOH and rGO, an initial increase in storage
modulus in the range of 5%-10% is observed but no significant
improvement (plateau effect) in storage modulus was observed after
increasing the nanofiller concentration any further. A similar effect of
filler concentration was reported by Valles et al.,?® in which the
mechanical properties of the GO/epoxy nanocomposites deteriorated

|40

after the optimum loading of 1 wt.%. Similarly, Li et a reported a
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best interfacial stress transfer in 0.2 wt.% GO/epoxy nanocomposite,
with a decrease observed upon increasing the filler loading to 0.5 and
1 wt.%. Both of reports suggest that this deterioration was attributed
to agglomerations occurring at higher filler loadings. However, in our
results, good dispersion has been demonstrated across the high filler
loadings and functionalized fillers, as proved by rheology and SEM.
For this reason, this study focused on the curing effects to the
mechanical properties rather than the agglomerations effects.

10 which

In contrast to the results presented in the literature,
show the T, decreasing at higher filler loadings (due to the steric hin-
drance of the molecular activity), here, the addition of only 0.25 wt.%
of the nanofillers leads to a significant drop of T, (~5°C). In fact, at
0.5 wt.% of rGO, the T, decreases further while in case of FLG and
FLG-COOH, the T, slightly increases, indicating that higher amount of
oxygen groups in the surface of rGO affects the curing of the epoxy
system. This shows that in this case, the nanomaterials have affected
the curing reaction of the epoxy system even at low concentrations
and this likely correlates to specific surface area, that is, the same
mass fraction of a high surface area material will increase steric hin-

comparing filler loadings by weight might not be that helpful when
considering curing effects.

The effect of the incorporation of nanofillers on the curing reac-
tion was also confirmed by TGA analysis, where a drop in initial
decomposition temperature (IDT) was seen for all three materials after
the addition of only 0.25 wt.% filler, as shown in Figure 7 (Table S2
includes in detail the thermal properties of the composites). As the T,
has been reduced with the filler incorporation, the cross-linking net-
work of the epoxy system is affected, resulting in thermal degradation
at lower temperatures. The IDT of all composites gradually begins to
recover as the filler concentration is increased, but it does not exceed
that of the pure epoxy. An improved dispersion is achieved between
the nanofiller and the polymer matrix at high fillers, as a result the
mobility of the local matrix around the nanofillers is reduced, offering
a better barrier effect. This prevents the degradation of the epoxy
matrix and results in higher degradation temperatures,** as shown in
Figure 7C.

In our case, these curing effects can explain why only very mod-
est improvements in storage modulus are seen as the filler loading

drance compared with a lower surface area material. Hence increases. In other words, the T, drops at lower filler loadings,
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Initial decomposition temperature (IDT) values of FLG (A), FLG-COOH (B) and rGO (C)/nanocomposites as a function of filler
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suggesting more molecular motion and hence lower modulus, but as
filler loading increases T, recovers as the graphene restricts molecular
motion and finally enhances the modulus, but not significantly. Specif-
ically, the oxygen content on the surface of FLG, FLG-COOH and
rGO, which was detected by XPS can explain the curing effects seen.
The surface functionalization of the graphene can catalyze the ring
opening curing.1®! This leads to a lower cross-linking density around
the filler interphase and hence an epoxy-rich environment in the inter-
phase region, due to the reduced mobility of the epoxy molecules
around the nanofillers. In addition of this, Vanlandigham et al.*?
showed that for an unfilled epoxy system with a non-stoichiometric
ratio, a two-phase microstructure forms consisting of a “hard” phase
(formed by initial reactions), surrounded by a “soft” phase (consisting
of unreacted and partially reacted species), with the properties highly
dependent on the soft phase. If we assume that in our systems, a
two-phase structure has formed at the filler interphase due to the
adsorption effect of epoxy groups on the graphene surface, this mech-
anism supports the DMA data observed.

If the assumption above is correct, reducing the hardener ratio will
lead to a higher change in T, for the nanocomposites due to epoxy-rich
environment in the interphase region and by having lower amount of
hardener molecules, the lack on the amine groups is higher. This will
allow us to understand better the surface effect of the nanofillers to
the stoichiometric ratio. Therefore, we reduced the hardener compo-
nent by 5%. Figure 8A,B shows the storage modulus and T, values of
0.25 wt.% FLG, FLG-COOH and rGO with two different hardener
ratios (100:30 and 100:28.5). Only the HSM method was used in this
experiment as similar trends were seen for both TRM and HSM.

When the unfilled epoxy was cured using the non-stoichiometric
ratio, the T, dropped by 5°C which is comparable with the reduction
in Ty that results from the addition of fillers at the correct stoichio-
metric ratio (100:30), as shown in Figure 8B. This supports the sug-
gestion that the stoichiometric composition is disrupted by the
presence of the nanofillers, with the hardener molecules not able

interact with the polymer chains, resulting in a reduced cross-linking
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FIGURE 9 A schematic representation showing the
microstructure of the epoxy nanocomposites. The yellow parts
represent the soft phase on the bulk composite created by the
unreacted hardener molecules.

density. Additionally, the T; of filled composites reduces further when
the non-stoichiometric ratio is used (100:28.5) because the nanofillers
are continuously affected the curing through the adsorption effect.
According to the results presented at Figure 8A, a moderate posi-
tive effect was found on the storage modulus of the non-stoichiometric
composites in comparison with the stoichiometric composites. By
decreasing the amine content below the stoichiometric ratio, the poly-
mer network tends to have a reduced dense structure with more linear
chains, which enhances the efficiency of load transfer among the poly-
mer chains*? and consequently, the modulus of the polymer increases.
A possible schematic of the microstructure in the bulk composites
is represented at Figure 9. In the case of the stoichiometric graphene-
composite (100:30), the graphene nanofillers are physically absorbed
the epoxy chains (epoxy-rich graphene), leading to the reduction of T,

and hence, a non-stoichiometric network is surrounded by a soft
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phase (the unreacted hardener molecules, amine-rich environment).
Therefore, a lower reinforcement was observed on the bulk compos-
ite. When the amount of hardener is reduced (100:28.5), the epoxy-
rich interphase remains similar while the amine-rich environment (soft

phase) decreases, leading to an increase on the modulus.

4 | CONCLUSIONS

The main conclusion of this study is that the structural and geometri-
cal characteristics of graphene nanomaterials leads to a major modifi-
cation of both the microstructure and mechanical properties of the
polymer when they are incorporated. In the literature, the deviation of
the theoretical and the experimental modulus values are often attrib-
uted to the effects of agglomerations, but this study suggests curing
effects can have a significant impact on the mechanical properties at
high filler loadings as confirmed by DMA analysis. By adjusting the
stoichiometric ratio and achieving a well-dispersed material, a reduced
cross-linking density was confirmed in the case of FLG, FLG-COOH
and rGO/epoxy nanocomposites. It is suggested that the physically
adsorption effect of epoxy chains onto the graphene surface leads to a
non-stoichiometric balance and thus diminished mechanical properties
at high loading. These results provide valuable insights for under-
standing the effect of graphene nanomaterials on the interphase
region within the epoxy matrix and its influence on the mechanical
properties of the bulk nanocomposites.
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