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1 | INTRODUCTION

| Stefan Carosella’® | Markus Rettenmayr® |

Peter Middendorf'?

Abstract

This study evaluates the effect of plasma surface functionalization of reduced
graphene oxide particles on the processing characteristics and homogeneity of
dispersion of a bisphenol A-(epichlorhydrin) epoxy matrix and amine-based
hardener with varying weight fractions from 0.00 to 1.50 wt%. It was observed
that amine-functionalized reduced graphene oxide leads to a more drastic vis-
cosity increase of up to 18-fold of the uncured suspensions and that its pres-
ence influences the conversion rates of the curing reaction. Optical microscopy
of thin sections and transmission electron microscopy analysis showed that a
more homogeneous dispersion of the particles could be achieved especially at
higher weight fractions by using an appropriate surface functionalization. This
knowledge can be used to define suitable processing conditions for epoxies
with amine-based hardeners depending on the loading and functionalization
of graphene-related particles.

properties of composite materials at very low nanoparti-
cle loadings.’

Increasing demands on the thermal, mechanical, and
electrical properties of composite materials require the
incorporation of new materials such as graphene and its
related materials. Due to the particular arrangement of
its carbon atoms, graphene as well as its derivatives dem-
onstrate outstanding mechanical, thermal, and electrical
properties' whilst having a very large surface area.*
This allows a significant change of the material

However, the integration of graphene-related mate-
rials into polymers poses a number of challenges as the
particles tend to be chemically inert and form agglomer-
ates that can later act as failure points in the compos-
ite.%” Furthermore, the available process windows during
manufacturing are reduced as the viscosity of the suspen-
sions is increased significantly by the presence of
graphene-related materials.*® A number of researchers
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try to overcome these issues by the use of different
solvents such as acetone,'® isopropanol,'*** or N-methyl-
2-pyrrolidone,”® but these come at the cost of environ-
mental issues, additional time-intensive processing steps
and residual impurities that can influence the cross-
linking process and, hence, alter the properties of the
matrix significantly.’*'® In contrast to this, a tailored
functionalization of the surface of graphene-related parti-
cles can add functional groups and activate the carbon
surface to facilitate a homogeneous dispersion of the par-
ticles in the polymer whilst improving the interfacial
bonds between the particle and the polymer.'”>° A well-
dispersed suspension should therefore be regarded as a
goal in the production of nanocomposites, but the strong
interfacial bonding is also associated with a higher viscos-
ity of the suspension®' and may also modify the curing
reaction.***?

It is possible to distinguish between two different
approaches to functionalize carbon-based nanomaterials:
covalent and non-covalent functionalization. Non-
covalent functionalization processes do not change the
chemical or electronic structure of the particle, but call
for a complicated chemical synthesis including a time-
consuming cleaning process of the particles. The hereby-
created functional groups are easy to remove as they are
dependent on weak attractive forces such as hydrogen
bonding, van der Waals forces, n—= stacking, hydrophobic
or ionic interactions.?*?° In contrast to this, a covalent
functionalization, such as chemical or plasma modifica-
tion, enables a much larger range of different properties,
but can transform the structure of the carbon material as
the functional groups are bonded to the carbon lattice via
altering the carbon structure.’* Chemical func-
tionalization usually relies on the use of large volumes of
organic or hazardous solvents and reagents that are
harmful to the environment, require a large number of
different, non-robust and time-consuming processing
steps with constrained scalability and time-intensive
purification.?”?® Plasma treatment does not require the
extensive amount of chemicals as its working principle
relies on the use of the ionized forms of gases such as O,,
NH; or CF, that must be applied with specialized equip-
ment with explosion protection devices.** During the
functionalization process, the excited gas species destroys
the covalent bonds on the material surface up to depths
of a few nanometers.”” In the case of single-layer
graphene, this implies that the material would be affected
in its entire structure. On the contrary, few-layer
graphene as well as multilayer reduced graphene oxide
would experience changes to its exposed surfaces (i.e. the
outer layers and the edges of graphene sheets), but the
inner graphene layers remain unchanged. The activated
surface of the particle can now react with the plasma to

create functional groups without leading to major modifi-
cations of the composition of the bulk material.*>*! It is a
quick process with typical processing times of seconds to
a few minutes without subsequent purification of the
treated material.*> Given that the functional groups are
etched and grafted onto the surface of the particles, the
surface roughness is increased.>® Furthermore, the crea-
tion of defects and functional groups on the surface of
the particle may lead to an inferior electrical
conductivity.****

An amine surface functionalization is of particular
importance in the case of epoxies as these functional
groups can act as a cross-linker to form covalent bonds
with epoxy or as a modifier in the nanocomposite struc-
ture. The amine groups can undergo a chemical reaction
with epoxy resins via an amide bond that leads to a better
dispersion of the particles, an enhanced interfacial adhe-
sion as well as load transfer that may enhance the
mechanical and thermal properties of the composite
material,'”-2!2336

The impact of the plasma functionalization process on
the quality of graphene and its derivatives has, however,
not been investigated intensively. Furthermore, the influ-
ence of the functionalization on the processing behavior
and the quality of the composite remains uncertain. This
study reports the findings of a number of tests with vary-
ing reduced graphene oxide contents in a bisphenol A-
(epichlorhydrin) epoxy matrix with an amine-based hard-
ener and different types of chemical functionalization,
which was achieved using plasma treatment of the
nanoparticles. Reduced graphene oxide was chosen as the
type of graphene derivative since it is readily available in
large volumes and at comparatively low costs which
allows the mass-production of composite materials with
graphene-related materials.>” First, the impact of the
plasma processing on the quality of the used amine-
functionalized form of reduced graphene oxide (frGO)
was compared to the non-functionalized form of reduced
graphene oxide (rGO). Second, the processability of the
rGO- and frGO-including epoxy/hardener suspensions
was assessed for loadings from 0.00 to 1.50 wt% with
respect to viscosity, degree of dispersion, and curing
behavior. This information can be applied to predict the
impact of amine-functionalized graphene derivatives in
comparison to non-functionalized graphene derivatives
on the manufacturing processes of composite materials
using bisphenol A-(epichlorhydrin) epoxy resins with
amine-based hardeners as the matrix material. The use of
such a tailored surface functionalization will
allow improved material properties such as the Young's
modulus,”*® electrical***° or thermal conductivity*®*! of
the resulting composite. It will also offer further areas of
applications such as electromagnetic shielding®” or strain
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monitoring by using the piezoelectric properties of
graphene and its derivatives®.

2 | MATERIALS AND METHODS

2.1 | Materials
Two varieties of graphene-related materials in the form of
non-functionalized reduced graphene oxide EXG 98300 R
(rGO) and amine-functionalized reduced graphene oxide
EXG 98300 R FNH (frGO) were provided by Graphit
Kropfmiihl GmbH. Both materials were produced by the
manufacturer using a modified Hummers' method and sub-
sequently reduced by thermal treatment using 500 pm graph-
ite flakes (RFL 99,5 O) as the starting material. The frGO
powder underwent a further cold plasma process by the
manufacturer with NH; being the source for the low-pressure
gas plasma and, thus, creating an amine functionalization on
the particles. The powder materials were used as received.
Sika Deutschland GmbH supplied the bisphenol
A-(epichlorhydrin) epoxy resin Biresin® CR83 and the
amine-based hardener Biresin® CH83-10. It is a two-part
resin system with a low mixed viscosity (155 mPa s at
25°C) which further aids the dispersion of the used
graphene-related particles.

2.2 | Sample preparation

The three roll mill 80S PLUS from EXAKT Advanced
Technologies GmbH was used to disperse the rGO and
frGO particles in the epoxy resin. It was operated at a
speed ratio of 1:3:9 where the velocity of the fastest roller
was set to 200 rpm. The rGO or frGO powder and resin
were premixed by hand and this material was led through
the three roll mill using eight cycles where the respective
gap widths followed the procedure as shown in Table 1.
This procedure was used to create a masterbatch that can
be used to achieve a maximum concentration of 1.50 wt%
of rGO or frGO in the final nanocomposite. After the dis-
persion process, the hardener was added and, if required,
the masterbatch was diluted to lower rGO or frGO con-
centrations by adding more resin. The suspension was
subsequently stirred by hand and degassed in a vacuum
chamber. The general approach is illustrated in Figure 1.

2.3 | Characterization

Statistical Raman spectroscopy** was used to approxi-
mate the level of defects in the powder materials. It was
executed using a WITec alpha 300M+ system with a

TABLE 1
different suspensions in the three roll mill

Gap widths used for the dispersion process of the

Cycle Width of first Width of second
number gap (pm) gap (pm)

1 90 30

2 90 30

3 60 20

4 60 20

5 30 10

6 30 10

7 15 5

8 15 5

532 nm laser and a 50x objective lens. The powder was
deposited on double-sided tape being placed on a glass
slide. An area of 100 x 100 pm with a total of 1600 data
points for each material was evaluated with one accumu-
lation of 4 s each.

Brunauer-Emmett-Teller (BET) theory was performed
on the rGO and frGO materials to evaluate the specific
surface area. The measurements were conducted using
a Micromeritics TriStar 3000 and based on DIN ISO
9277:2010*. The mass of each sample was in the range of
0.2-0.3 g and the samples were prepared for analysis for
20 min under the influence of a vacuum at 250°C and sub-
sequently left to cool to room temperature. Nitrogen was
used as the gaseous adsorbate and the respective BET spe-
cific surface area was calculated for each material based on
five measurement points.

The rheological behavior with examination of the
occurring viscosities and shear stresses of the epoxy/
hardener suspensions was carried out using a Physica
MCR 301 stress-controlled rotational rheometer from
Anton Paar. A plate-plate setup was used in which the
upper plate (PP25) had a radius of 12.5 mm. The samples
were transferred to the lower plate with a pipette. After
the upper plate was lowered to the measuring position
(gap width of 1 mm), the samples were kept at a measur-
ing temperature of 25°C to reach equilibrium. The tem-
perature was kept constant at 25 + 0.01°C by the use of a
Peltier element. Subsequently, the measurements were
conducted for shear rates from 2 to 100 s ' where the
shear rate increased linearly during an interval of 140 s.
Measurements for each suspension were obtained from
five new portions of the respective material.

Differential scanning calorimetry (DSC) was con-
ducted in accordance to DIN 65467:1999*° and using a
DSC 2920 from TA Instruments to determine the reaction
enthalpy of the curing reaction. Each measurement took
place in a nitrogen atmosphere and the respective
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FIGURE 1
be viewed at wileyonlinelibrary.com]

uncured sample was kept at —5°C for 5 min. It was then
heated from —5 to 250°C at a heating rate of 10°C min ™.
The reaction enthalpy of the curing reaction was assessed
based on five new samples of the respective material.

Thin sections of the nanocomposite samples with a
thickness of 8 pm were prepared with a sliding micro-
tome POLYCUT E from Reichert-Jung. These thin
section samples were analyzed using the optical micro-
scope SZX10 from Olympus to examine the broad disper-
sion of the rGO and frGO particles within the matrix.

Transmission electron microscopy (TEM) was carried
out using a JEM-ARM200F from Jeol equipped with a
Gatan Spektrometer (Model 977 Enfinium ER for EELS
and Dual EELS) filter and operating at an accelerating
voltage of 200 keV. The nanocomposite specimens for
TEM observation were fabricated with a thickness of
approximately 100 nm using a Leica Ultracut UCT. The
sections were collected on a copper grid.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of powder
materials

The level of defects in graphene-related materials is cru-
cial for their mechanical, thermal, and electrical proper-
ties and should be kept at a minimum. A suitable method
to assess the level of disorder in graphene and its deriva-
tives is Raman spectroscopy. The Raman spectra of the
powder materials used in this work are illustrated in
Figure 2. The peak intensity ratio Ip/Ig of the D-peak
(~1350 cm™ ') and the G-peak (~1580 cm ') was used to
approximate the level of disorder and, thus, the level of

Characterization of
uncured samples via:
— Rheometer

Characterization of
dispersion via:

— Thin sections

- TEM

Characterization of
curing behavior via:
- DSC

Schematic showing the general approach of sample characterization and preparation applied in this study [Color figure can
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FIGURE 2
frGO as obtained by statistical Raman spectroscopy and shifted

Mean Raman spectra of graphite, GO, rGO and

consecutively to aid the reader. The respective Ip/I ratio is labeled
[Color figure can be viewed at wileyonlinelibrary.com]

defects within the rGO and frGO samples*’*®. Given that
the manufacturing process of the graphene-related parti-
cles was based on a modified Hummers' method that
relies on the oxidation and reduction of the particles, the
level of disorder of graphite is lower than for rGO and
frGO. The level of disorder of frGO as measured by the
Ip/Ig ratio is significantly larger to the Ip/Ig ratio of rGO
and similar to the intermediate product graphene oxide
(GO) indicating more defects in the frGO material by the
functionalization process by plasma processing. The peak
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intensity ratio I,p/Ig can give an indication of the num-
ber of layers in a graphene-related material*®. Given that
none of the particles is a single or bilayer graphene, only
a small 2D-peak (~2700cm ') was detected for all
samples.

The respective BET surface area of the rGO and frGO
powders are shown in Table 2. As expected, the measured
surface areas were below the theoretical surface area of sin-
gle layer graphene (~2600 m* g *),** but are comparable
with research carried out by Fan et al. (365 m* g~ ')* and
Wang et al. (320 m* g ')°". As in our work, both works
applied the modified Hummers' method to produce their
graphene-related materials. In contrast to Mohan et al.,>
who determined that the presence of functionalization led
to an increase of the BET surface area, the materials used
in this work show no significant effect of the present func-
tionalization. This difference suggests that the chemical
functionalization as conducted by Mohan et al. may lead to
a stronger transformation of the carbon lattice with

TABLE 2
and respective expanded uncertainty for a coverage probability of

Mean Brunauer-Emmett-Teller (BET) surface area

95% of the different powder materials

Material BET surface area (m* g ')
rGO 301.8 + 5.2
frGO 308.2 + 4.2
(a)
600
—e— neat polymer -
= 0.50 wt.% rGO o
5004 | 4 1.00 wt.% rGO IPS,
1.50 wt.% rGO gE%d
— —=—0.50 wt.% frGO o® T ,
& %07 -4 1.00 wt.% frGO P%dl
? o 150wt%frGO| [ e°
® o
£ 3001 o
2 y 2
® [ &
[0
& 200 - d
& : /o”’.
/. .
100 o aah
1 & A AAAASET
asaed e rraanaiaEd
600060000
0 14 T T ¥ T T T
0 20 40 60 80 100
Shear rate (s™)
FIGURE 3
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possibly some further exfoliation of the particles than the
plasma treatment of the particles in this work.

3.2 | Rheological behavior

The viscosity of a suspension is crucial for its processing
behavior as high viscosities can lead to a challenging pro-
cessability, inclusions of air and, in the case of fiber-
reinforced polymers, can limit the sufficient wetting of
the fibers. Figure 3a illustrates the change of shear stress
over a range of shear rates for suspensions with various
rGO and frGO loadings. For all samples, a growing shear
stress was observed for both increasing shear rates and
increasing weight fractions. This finding is also illustrated
in Figure 4 that shows the change in shear stresses for
three exemplary shear rates of 2, 51 and 100 s~ with
respect to varying contents of rGO and frGO. For both
forms of graphene derivatives, an increase in the present
shear stresses occurred with increasing loadings, but the
effect of the presence of the used particles was more dom-
inant in the range of 1.00 to 1.50 wt% than for loadings of
0.25 to 1.00 wt%. Furthermore, the form of graphene-
related material also exhibited a different degree of
impact on the present shear stress. For the range from
0.25 to 0.75 wt%, the effect on the shear stresses was more
dominant in the case of rGO than in the case of frGO. On
the contrary, the effect of the additive was more pro-
nounced for frGO than for rGO in the range of 0.75 to

(b)
22
J —— neat polymer
20 1 = 0.50 wt.% rGO
184 4 1.00 wt.% rGO
1 1.50 wt.% rGO
167 = 0.50 wt.% frGO
’g 144 | 4 1.00 wt.% frGO
€, o 1.50 wt.% frGO

Shear rate (s™)

Rheological behavior of the examined materials. (a) Mean shear stress versus shear rate of exemplary uncured neat polymer

and rGO/frGO-including suspensions with different loadings for the complete range of experienced shear stress (maximum was 541 pa).

(b) Mean viscosity versus shear rate of exemplary uncured neat polymer and rGO/frGO-including suspensions with different weight

fractions for the complete range of experienced viscosity (maximum was 18.8 Pa s). The error bars (expanded uncertainty) are given for a

coverage probability of 95% [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Mean shear stress versus weight fractions of
uncured neat polymer and rGO/frGO-including suspensions with
respect to three exemplary shear rates (2, 51, and 100 s™*). The
error bars (expanded uncertainty) are given for a coverage
probability of 95% [Color figure can be viewed at
wileyonlinelibrary.com|

1.50 wt%. Moreover, a slight drop of the occurring shear
stresses was observed for rGO from 0.75 to 1.00 wt% at
higher shear rates of 51 and 100 s~ ' whereas all other
samples continued to exhibit increasing shear stresses.

A similar behavior with respect to various particle
loadings was observed upon evaluation of the change of
viscosity versus shear rate (Figure 3b). With higher
weight fractions, an increase of the viscosity was visible
for rGO and frGO, but the viscosity of the suspension
decreased with increasing shear rates. As such, it can be
deduced that both the unfilled polymer as well as the
rGO/frGO-containing suspensions exhibited a shear-
thinning behavior. Again, the effect of the examined
loading was more dominant for nanoparticle contents of
1.00 to 1.50 wt% than for loadings of 0.25 to 1.00 wt%.
Upon examination of Figure 5 that shows the change in
viscosity with respect to different loadings of rGO and
frGO at three exemplary shear rates of 2, 51 and 100 s7L
the same thresholds for a different impact of rGO and
frGO were observed as for shear stress versus shear rate:
As before, the influence of the additive on the increasing
viscosity of the suspension was higher in the case of rGO
than for frGO for nanoparticle loadings of 0.25-0.75 wt%.
For loadings from 0.75 to 1.50 wt%, the impact on the vis-
cosity was higher for frGO than for rGO. In the case of
rGO, a minor drop in the viscosity was present from 0.75
to 1.00 wt% at higher shear rates of 51' and 100s™"
whereas the other samples continued to show a viscosity
increase.

22
| —e— neat polymer
20'_ = 0.50 wt.% rGO
18 4 1.00 wt.% rGO
1 o 1.50 wt.% rGO
16 = 0.50 wt.% frGO
D 14 - 4—1.00 wt.% frGO
g .,] 1.50 wt.% frGO
> |
'3 10+
S
S °e
64 @ -
_- ®e o9
4_‘A ooooo.........Q..’.".
2] A AAAAAAAANAAAAAAANAAADADGAAAAADA
0+ S 2_|_DERRESSSSSSSSYSSYTSRSESRSRRRS
0 20 40 60 80 100
Shear rate (s™)
FIGURE 5 Mean viscosity versus weight fractions of uncured

neat polymer and rGO/frGO-including suspensions with respect to
three exemplary shear rates (2, 51, and 100 s ). The error bars
(expanded uncertainty) are given for a coverage probability of 95%
[Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Curing behavior of reduced
graphene oxide/epoxy nanocomposites

The reaction enthalpy of a curing reaction can be used to
estimate the exothermic behavior and, hence, the ease of
process control for composite production. The DSC ther-
mograms of three exemplary samples with different load-
ings are illustrated in Figure 6 and the analytical results
of the DSC test series are listed in Table 3. This implies
that the curing reaction was marginally faster in the case
of the additive-including suspensions below the exother-
mic peak temperature than for the neat epoxy, but was
slower above the exothermic peak temperature which
leads to similar cure durations of all samples. This was
also apparent from the conversion rates (Figure 7) that
illustrate that higher weight fractions led to a faster con-
version until the exothermic peak temperature was
reached. The conversion rate a is typically used to
describe the reaction kinetics by evaluating the partial
integral of the heat flow AH(T) at a temperature T with
respect to the total reaction enthalpy of the chemical
reaction AHg>>>*

_AH(T) _[g, §dT

AHr j;z a dr’

aT)

(1)

where T, is the onset temperature and T, is the end tem-
perature of curing. The thermograms of the epoxy/
reduced graphene oxide suspensions are slightly shifted
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to the left whilst showing similar onset and end tempera-
tures of curing. After the exothermic peak temperature,
the gradient of the conversion rates decreased. This
decrease after the exothermic peak temperature was
more prominent with increasing particle loadings. The

neat polymer
— 1.50 wt.% rGO
1.50 wt.% frGO
‘o
=3
2
o
T
)
L
T T T T T T T T 1
25 50 75 100 125 150 175 200 225 250
Temperature (°C)
FIGURE 6 Differential scanning calorimetry thermograms of

the curing reaction of the uncured neat polymer and two exemplary
additive-including suspensions (1.50 wt% rGO and 1.50 wt% frGO)
[Color figure can be viewed at wileyonlinelibrary.com]
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overall effect of the used additives on the conversion rates
was higher in the case of rGO than for frGO. The reaction
enthalpy of the curing reaction was affected by the pres-
ence of the used graphene derivatives. There was, how-
ever, only a significant increase of the reaction enthalpy

1.0 4
0.8
0.8 +
—~ 0.7 +
L 06+
o
2 05-
= neat polymer
3 04 —— 0.50 wt.% rGO
0.3 1.00 wt.% rGO
’ — 1.50 wt.% rGO
0.2 —— 0.50 wt.% frGO
— 1.00 wt.% frGO
0-11 1.50 wt.% frGO
00 T T T T T T T T 1
25 50 75 100 125 150 175 200 225 250
Temperature (°C)
FIGURE 7 Exemplary mean conversion rates of the curing

reactions of uncured neat polymer and additive-including
suspensions as determined from differential scanning calorimetry
[Color figure can be viewed at wileyonlinelibrary.com]

Characteristic parameters of the conducted differential scanning calorimetry experiments with respective expanded

TABLE 3

uncertainty for a coverage probability of 95%
Material T, (°C)* T, (°C)° T. (°C)°
Neat polymer 38+1 126 + 0 248+ 0
0.25 wt% rGO 39+2 125+ 0 248 +0
0.50 wt% rGO 39+2 124 +1 248+ 0
0.75 wt% rGO 38+1 124 +1 248 + 0
1.00 wt% rGO 38+1 123 +1 248+ 0
1.25 wt% rGO 38+ 0 124 +0 247 + 0
1.50 wt% rGO 39+1 123+ 0 248+ 0
0.25 wt% frGO 37+0 124 +0 248 + 0
0.50 wt% frGO 38+1 125+2 247 + 2
0.75 wt% frGO 37+0 125+ 0 248 + 0
1.00 wt% frGO 37+ 0 124+ 0 247+ 0
1.25 wt% frGO 37+1 123 +1 248 +0
1.50 wt% frGO 37+0 123+ 0 248+ 0

Cure range cc)? Cure duration (min)® AHx (J g’l)f
210+ 0 21.0+ 0.0 480 + 21
209 + 2 20.9 + 0.2 515+ 8
209 +£2 209 +0.2 490 + 20
209 + 2 209 + 0.2 522 + 25
210 +1 21.0+0.1 473 + 21
210+ 0 21.0 + 0.0 511 + 10
209 +1 209 +0.1 533+ 7
210+ 1 21.0 + 0.1 511 + 25
209 +3 209+0.3 505+13
210+ 0 21.0 + 0.0 518 £ 9
210+ 0 21.0+ 0.0 496 + 6
211 +1 21.1 +0.1 485 + 20
210+ 0 21.0+ 0.0 482 + 19

“Onset temperature of curing.
PExothermic peak temperature.
°End temperature of curing.

9Total temperature range of curing reaction, equal to the temperature difference of T, and T..
°Elapsed time of curing reaction based on the time difference at which T, and T, occur.

fSpecific reaction enthalpy of curing reaction.
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200 nm

FIGURE 8 Transmission electron microscopy images of rGO and frGO nanocomposite samples taken at a magnification of 40,000 .
(a) 0.50 wt% rGO, (b) 0.50 wt% frGO, (c) 1.00 wt% rGO, (d) 1.00 wt% frGO, (e) 1.50 wt% rGO and (f) 1.50 wt% frGO
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for the sample that included 1.50 wt% rGO. As an amine-
based hardener is used in conjunction with an amine-
functionalization of the particles, one might expect that
the reaction enthalpy would be increased in the case of
frGO. Given that this effect cannot be observed in the
DSC data, it can be assumed that partial curing took
place while the frGO particles were dispersed in the
epoxy resin without the addition of the hardener in the
three roll mill.

3.4 | Homogeneity of dispersion
of the reduced graphene oxide particles
in the nanocomposite matrix

A homogeneous distribution of the graphene-related
additive in the matrix is crucial to achieve a consistent

Applied Polymer_wiLEy-l s«

quality of the material. TEM images taken of represen-
tative areas of the rGO and frGO nanocomposite sam-
ples (Figure 8) were used to evaluate the interface of
the graphene-related particles with the matrix and
hereby the degree of dispersion. The rGO inclusions
in the nanocomposite samples remained clearly visible
with areas of strong contrast at all loadings indicating
a small degree of agglomeration. In contrast to this,
the frGO inclusions appeared more obscure suggesting
a good dispersion of the functionalized material in the
matrix. However, it should be pointed out that all
samples demonstrated improved dispersion of the par-
ticles with increasing weight fractions of the used
additives. This can be attributed to the higher viscosity
of the suspensions hindering the particles from for-
ming agglomerates during processing and curing at
high loadings.

1mm 1mm

1mm 1mm

FIGURE 9
rGO and frGO nanocomposite

Thin sections of

samples taken at a magnification
of 63x. (1) 0.50 wt% rGO,

(2) 0.50 wt% frGO, (3) 1.00 wt%
rGO, (4) 1.00 wt% frGO,

(5) 1.50 wt.% rGO and

(6) 1.50 wt% frGO

1mm 1mm
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By evaluating thin sections of the nanocomposite
materials with an optical microscope, it is possible to
examine the broad degree of dispersion within the spec-
imen as well as potential flotation or sedimentation.
The thin sections of exemplary nanocomposite samples
are shown in Figure 9. All samples displayed no flota-
tion or sedimentation implying a homogeneous distri-
bution of the particles along the height of the
specimen. Similar to the TEM analysis, the frGO
nanocomposite samples showed fewer agglomerates at
higher weight fractions as indicated by the darker
appearance of these samples. In contrast to this, the
rGO nanocomposite exhibited more particle-rich (dark)
and resin-rich areas as suggested by the brighter
appearance of the samples through which light can pass
through more easily.

4 | SUMMARY

In this work, the influence of an amine-functionalization
of reduced graphene oxide particles on the viscosity and
the curing reaction of an epoxy system was investigated.
A characterization of the quality of the rGO and frGO
powders by Raman spectroscopy and BET analysis
showed that the plasma functionalization process of the
used additives has a significant effect on the number of
defects and no significant effect on the specific surface
area of the particles. The processing behavior of the sus-
pensions for composite manufacturing was estimated
from the rheological and curing behavior. The viscosity
change due to the addition of the used graphene
derivatives was determined by the use of a rheometer. A
shear-thinning behavior was observed for all samples.
Furthermore, it can be concluded that increasing weight
fractions lead to an increasing viscosity of the suspen-
sions. This effect was more severe if a threshold of a load-
ing of 1.00 wt% was exceeded and more significant in the
case of frGO than for rGO. Taking a shear rate of 2 s~ as
an example, the presence of 1.00 wt% frGO (rGO) led to a
2-fold (2-fold) increase of the viscosity whereas the incor-
poration of 1.50 wt% frGO (rGO) led to a 18-fold (7-fold)
increase of the viscosity. The curing behavior of the sus-
pensions was analyzed by the use of differential scanning
calorimetry. The reaction enthalpy of the curing reaction
is affected by the addition of the graphene-related mate-
rial to the matrix, but there is only a significant increase
at 1.50 wt% rGO. Furthermore, the presence of the used
particles influences the conversion rate of the curing
reaction. Higher weight fractions lead to an increase in
the conversion rate until the exothermic peak tempera-
ture is reached. After the exothermic peak temperature,
the conversion rates of the suspensions with particulate

inclusions are lower than the conversion rate of the neat
polymer. This effect is more dominant in the case of rGO
than for frGO which might be deduced from the partial
curing of the amine-functionalized particles during the
dispersion process. The cure range and cure duration are
not significantly affected by the presence of the used
additives. As shown by TEM and optical microscopy of
thin sections, the tailored functionalization of the frGO
particles helped to improve the homogeneity of disper-
sion of the particles in the epoxy matrix especially at
higher weight fractions. At reduced weight fractions, the
low viscosity of the suspension resulted in a more facile
formation of agglomerates.
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