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Abstract

In this work, graphene derivatives obtained by a common chemical method and a novel
physical route are evaluated as reinforcement nanomaterials on prepregs based on glass
fiber and epoxy resin. Besides, two types of graphite were employed to obtain graphene
derivatives, through the chemical route, and to evaluate the influence of their structure qual-
ity on the performance of the composite laminates prepared. All graphene derivatives were
characterized by different techniques and specific structural features were found depending
on processing method; less structural damage in the graphene derivatives obtained
by steam explosion and ultrasonication (physical route) was observed. Graphene deriva-
tives were incorporated on the surface of prepregs, which were laminated to evaluate their
performance through short beam tests and dynamic-mechanical analysis. Carbon materials
obtained by the physical route produced remarkable thermomechanical performance, and
also, better interfacial properties in the composite laminates compared to that observed
with graphene oxide and reduced graphene oxide obtained from the two kinds of graphite
precursor.
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1 Introduction

Graphene has been one of the most investigated materials around the world since its dis-
covery in 2004. From this moment, a enormous quantity of studies for its production were
proposed, resulting a variety of graphene derivatives [1]. Chemical methods were men-
tioned as ones with high possibilities for mass production [2, 3]. This route starts from
graphite which is oxidized and exfoliated to obtain graphene oxide (GEO). Graphene oxide
contains some oxygen groups in the plane and others at the edges [4, 5], which change the
surface character to hydrophilic [6-8]. Even when researchers have demonstrated that these
functional groups are useful for attaching additional molecules or bonding to different pol-
ymer matrices [9—11], some properties are affected due to the formation of sp>-carbons
disrupting the conjugated m-electron system [12]. For the restoration of the graphitic lat-
tice, a reduction process can be realized through a variety of chemical agents [4], resulting
reduced graphene oxide (RGO). This nanomaterial recovers only partially its sp? hybrid-
ized m-network [13], and becomes hydrophobic again. The structure quality of graphene
oxide and reduced graphene oxide decreases compared to the precursor, however, they
have been evaluated for diverse areas and were found suitable for many applications, such
as reinforced materials [14]. On the other hand, chemical vapour deposition represents a
methodology to obtain monolayers of graphene, but some studies mention the complexity of
the process and high cost [15]. Mechanical milling of graphite has been probed to produce
few-layer graphene sheets modifying the milling time, liquid media, speed of rotation, size
of milling balls, among others [11, 16, 17]. Nevertheless, the graphitic lattice is damaged
during the milling and the process consumes a lot of energy and takes long time, there-
fore it remains at laboratory level [11]. Liquid phase exfoliation of graphite is mentioned
as a potentially scalable method to produce from single, few-layer graphene, to graphene
nanoplatelets (GNPs), but the main limitation is the corrosive, expensive, and toxic sol-
vents needed for overcoming the van der Waals forces in graphite layers [18, 19]. Water
has been used as a solvent in presence of surfactants or polymers to modify its surface ten-
sion, however, these additional molecules could appear as impurities in the final materials
[20]. Recently, steam explosion followed by an ultrasonication stage has been proposed
by our research group to obtain graphene nanoplatelets (more results of GNP at different
conditions would be published elsewhere, in a journal related to physical and chemical
structure of materials). Steam explosion usually is employed for treating biomass at pres-
surized steam and high temperature during a period of time for a sudden decompression
stage [21]. This process has been probed using graphite instead biomass, later the steam-
exploded graphite (EG) is ultrasonicated to diminish the number of graphene layers and
obtain exfoliated and steam-exploded graphite (EEG) or also named graphene nanoplate-
lets. It was observed that both stages did not damage significatively the graphitic lattice,
under these conditions, and no impurities were added because only water was used during
the whole methodology. Therefore, these materials are interesting for evaluation of their
performance, especially as reinforcement in composites, due to this being one of the most
important industrial applications.

Diverse graphene derivatives have been used as reinforcement in different polymer matri-
ces [22-26], especially in fiber reinforced plastics (FRPs) [27-29]. FRPs based on epoxy resin
are continuously studied due to the wide application in high performance components [30].
The main problem of these materials is their delamination, risking the mechanical resistance
and their structural integrity [31-33]. To overcome this issue, in the last years, graphene deriv-
atives have been incorporated in these systems to increase the interfacial adhesion. Distinct
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graphene materials have been introduced into the matrix and this mix impregnated onto the
fibers [28, 34]. Other form for incorporating graphene derivatives is as a coating onto the fibers
for a subsequent infusion with the resin [35]. Moreover, carbon nanolayers have been attached to
fibers [36]; or in other works, between every layer of the composite laminate [37]. Some of
these graphene derivatives are displayed in Table 1. They were employed in recent works and
the resultant effect of reinforcement, to a large degree, depended on the structural features of
carbon nanolayers and the reinforced region of the FRPs. In this Table, important differences
are observed between the graphene derivatives, and these characteristics are usually obtained
from the method of production, which diversify the results when the composite laminates are
characterized. The presence of graphene derivatives in FRPs can produce increments in the
interfacial adhesion, higher impact resistance, major flexural strength, improvement in inter-
laminar fracture toughness [29, 32, 38, 39], among others. Therefore, new methods to produce
graphene derivatives with excellent properties and feasible scale-up are necessary, because of
real industrial application in FRPs, requires the sufficient supply of this nanomaterial [40, 41].

In this work, the evaluation of graphene derivatives obtained by chemical and physical
methods is presented; and the last route presents the advantage of being environmentally
friendly because only water is used in the whole process. It is important to highlight that
methodologies used to obtain graphene derivatives, like graphene oxide or reduced graphene
oxide, are more complex in their process and employ reagents which are not environmentally
friendly and cause damage to the graphitic structure. Regarding graphene nanoplatelets,
several proposed routes also cause damage to the material structure and some impurities
are found in the product; therefore, new options are needed to be explored. Moreover,
compared to other methodologies, the physical route employed here, is feasible for scale
-up, green, easy in their process, able to supply large quantities of product, uses only water, and
through the process it is possible to modify the thickness of the material, which could influ-
ence the properties of the composite laminates. The effect of reinforcement of the starting
graphite is evaluated to compare this performance with the materials obtained after each
process of the physical route. On the other hand, it has been reported that GEO and RGO
produce improvements in FRPs (see Table 1); therefore, their performance is contrasted with
that obtained by graphene derivatives from the new physical method, under the same process
conditions. Besides, for the production of graphene oxide and reduced graphene oxide, two
graphite precursors were employed in order to study the quality effect on the features of the
final nanomaterials as reinforcements. One type was highly oriented pyrolitic graphite (HG)
used for microscopy, and its cost is around 600 US$ per kg; and the other was natural graphite
(NG) of lower orientation respect to the first one, whose cost is 10 US$ per kg, approximately.
Natural graphite was selected for physical treatments and obtaining new graphene derivatives
due to a considerable quantity was required during the process and its low cost let to real-
ize the production. After characterizing the whole nanomaterials, they were evaluated as
reinforcements in composite laminates through interlaminar shear strength and dynamic
mechanical tests.

2 Materials and Methods
2.1 Materials

Graphene oxide and reduced graphene oxide were prepared from two graphite precursors:
a) graphite roads No. 70230 from Electron Microscope Sciences (USA) with 2 ppm or
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less of impurities, and b) natural graphite powder from Reactivos Quimica Meyer (MEX);
this last one was also employed for the steam explosion process. Ethyl alcohol absolute
anhydrous (CH;CH,OH, 99.95%) for spraying nanomaterials was acquired from J.T. Baker
(USA). Unidirectional glass fiber/epoxy prepreg (DA 409 U/S2-Glass) (resin content:
38% by weight) was supplied by Adhesive Prepregs for Composite Manufacturers (USA).
Diglycidyl ether of bisphenol A (DGEBA, D-3415, molecular weight of 60.1 g/mol) was
acquired from Sigma-Aldrich, for dispersion tests.

2.2 Preparation of Nanomaterials and Composite Laminates

Highly oriented pyrolitic graphite (HG) and natural graphite (NG), were used as precur-
sors for graphene oxide, obtained by modified Hummers method and sonication, consider-
ing a previous research [54]. Graphene oxide based on highly oriented pyrolitic graphite
(H-GEO) and natural graphite (N-GEO), respectively, were reduced using ascorbic acid
according to previous methodologies [55] to produce reduced graphene oxide (H-RGO and
N-RGO depending on the graphite precursor).

With regard to the physical method, only NG was employed due to N-GEO showing com-
parable performance to H-GEO (see results and discussion section); in addition, it is
considerably cheaper than HG. Moreover, considering that the method is closer
to scale up, the material quantity is an important factor. 100 g of NG and 4000 mL of
distillated water into the steam explosion equipment was introduced. The conditions for
steam explosion were 170 °C and 130 PSI, and the process was carried out during 30 min.
Then, the camera was depressurized and the steam-exploded solid was dried at 70 °C after

Highly Oriented Pyrolitic Graphite (HG)

Graphene Oxide (H-GEO) Reduced Graphene Oxide (H-RGO)
Graphene Oxide (N-GEO) Reduced Graphene Oxide (N-RGO)

Chemical Method

Natural Graphite (NG)

Exfoliated

Ultrasonic and
Exfoliation Steam-

: Steam-
Physical g Exploded
Method Graphite Exploded
(N-EG)

Fig.1 Graphene derivatives prepared in this work as reinforcement of GFRPs
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a decantation stage to eliminate the excess of water. The dried powder corresponds to
steam-exploded graphite, N-EG. Then, 200 mg of N-EG were mixed with 20 mL of dis-
tilled water and sonicated using a tip (AS Serial Ultrasonic Cleaner, AS7240B) during
80 min. The dispersion was dried at 70 °C to obtain exfoliated and steam-exploded graph-
ite, N-EEG. In this work, 30 min of steam explosion were employed to keep low costs
and major posibilities to scale up and use of this route. The set of nanomaterials prepared
in this work for reinforcing composite laminates are showed in Fig. 1.

Unidirectional glass fiber/epoxy prepreg was sprayed (using an airbrush) on one side
with a dispersion of ethanol and a kind of graphene derivative (H-GEO, H-RGO, N-GEO,
N-RGO, NG, N-EG, or N-EEG) to form a composite of 16 layers. Carbon materials were
distributed at the 15 interfaces of each composite laminate. Low concentrations of gra-
phene derivatives were employed, 0.05, 0.15, and 0.3 wt.% to avoid excessive agglomera-
tion on the prepregs’surface. Composite laminates with and without reinforcements were
developmented using the vacuum bag technology and cured according a previous work
[37].

2.3 Characterizations

All powder samples of graphene oxide and reduced graphene oxide were character-
ized by infrared spectroscopy (IR) in a FT-IR Bruker Vector 33 spectrometer (1 cm™")
in attenuated total reflection mode. Raman spectra were obtained through a Senterra
Bruker Raman spectrometer with a resolution of 4 cm™' and a laser of 785 nm. Micro-
graphs were obtained using a JEOL TEM-1010 microscope functioning at 80 kV. Gra-
phene derivatives obtained by the physical route were analyzed by IR spectroscopy,
and transmission electron microscopy (TEM) with the specification above mentioned.
Moreover, X-Ray diffraction (DRX) was employed in order to calculate the number of
layers of the nanomaterials, through a X-Ray diffractometer Rigaku, from O to 60 in
20 angle. Moreover, dispersion in solvents of all graphene derivatives prepared in this
work was evaluated. The objective of these tests was to analize their dispersion facil-
ity, stability and compatibility of these materials in different solvents, specially epoxy
resin. Dispersion is an important factor for the performance of the reinforcements;
therefore, it was necessary to evaluate the tendency of each material, which depends
on their surface properties, and these features are influenced by the type of used pre-
cursor and the obtaining method. For these tests, 4 mg of each carbon nanomaterial
and 20 ml of solvent (distilled water, DGEBA, and hexane) were mixed and sonicated
for 10 min. The evolution of dispersion was followed at different time.

Composite laminates with and without reinforcements were evaluated by short
beam shear test under the ASTM D2344 methodology. Five specimens of (40*12%3.8)
mm were tested with a Instron 8872 testing machine at 1| mm/min. Dynamic mechani-
cal analysis (DMA) was carried out using a DMA-8000 Dynamic Mechanical Analizer
(PerkinElmer) in dual cantiever mode at a frequency of 1 Hz, from 40 to 200 °C at
5°C min~!. Specimens of (45%10%*3.8) mm were evaluated to obtain the storage modu-
lus and tan delta graphics. The delaminated regions of the specimens were covered
with gold and analyzed through a JEOL JSM-6060LV microscope operating at 20 kV.
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2.4 Results and Discussion
2.4.1 Graphene Derivatives Produced by the Chemical Method

The infrared spectra of graphene derivates are presented in Fig. 2a, b. Notable differences
are observed for all materials, from graphite precursors until reduced graphene oxide.
First, natural graphite (NG) contains oxygen, which is evidenced by the band at 990 cm™!
generated by the stretching vibration of C-O. HG does not exhibit this band, only around
1622 cm™! caused by the stretching vibration of C=C; therefore, this highly oriented
graphite does not contain oxygen. The graphene oxide obtained from these graphite precur-
sors presents peaks corresponding to specific groups. For H-GEO, it is clear the formation
of hydroxyl groups (-OH) which generates the wide band from 3100 to 3500 cm™', and
the peak at 1720 cm™' is consecuence of the stretching vibration of C=0 groups from de
carboxyl groups [56]. The stretching vibration of C=C is observed at 1600 cm™', whereas
the bands at 1228 and 1058 cm™' are caused by the stretching vibration of (C-O) associ-
ated to phenol and epoxy groups [54], respectively. On the other hand, the spectrum of
graphene oxide obtained from natural graphite exhibits, mainly, bands at 1719, 1600, 1400,
and 990 cm™! attributed to the stretching vibration of C=0 from carboxylic groups, C=C,
C=0 due to carboxylate groups and C-O groups [7, 54]. The presence of oxygen in NG

v(C=C) _o) V€O o)
OH %(c=0) (c=0) g
H-RGO [ vC=0), | | WCO) —_— ,‘Vf(c 0)
a e TV v(C-9) N-RGO
)| A, b)
= ! el
) | <
g |H-GEO | g | M~ ———
5 | /\~L § | N-GEO
- A% 2
Z ’\/\‘;/\ 2
& : g
= — | [
HGW#W r"‘ ~~J NG
! AR T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)
1348 1588
c) d)
HRGO ID/IG=151 N-RGO IDNG=1.22
35 35
s &
2 2
2 £
8 8
£ £
H-GEO ID/IG=0.94 IDIG=101
HG 1337 |\ 1565 1D/G=024 NG 1334 )\ 1561 IDIG=035
T 7 T ~— I i n I }
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Wavenumber (cm™) Wavenumber (cm™)

Fig.2 Infrared (a,b) and Raman (c,d) spectra of graphene derivatives obtained by the chemical method
from two types of graphite, HG, and NG
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and its lower orientation degree respect to HG, could stimulate the formation of certain
oxygen groups observed in the spectrum, such as carboxylic instead of hydroxyl groups.
Then, the structural characteristics of the graphite precursor have influence on the concen-
tration and type of oxygen groups formed on graphene oxide.

With regard to reduced graphene oxide, it has been extensively reported that the restoration
of the graphenic domain is not complete employing chemical methods [57]. For H-RGO
most of the peaks disappear due to the reduction process and some weak bands are
observed owing to the oxygen remainder, such as carboxylic, carboxylate, and phenol
groups (1700 cm™!, 1400 cm™', and 1190 cm™"). Regarding N-RGO, the peaks presented in
the spectrum are smaller compared to those observed for N-GEO, their intensity implies a
reduction on the quantity of oxygen residual. Therefore, the use of NG produces graphene
oxide and reduced graphene oxide with certain groups and a major content of oxygen. It is
probable that the low orientation between the sheets allows more contact between the gra-
phitic materials and the reactives which promotes the formation of the functional groups
observed at higher concentration compared with the graphene derivatives obtained from
HG.

The structural analysis was realized through Raman spectroscopy and the spectra are
showed in Fig. 2c, d. Typical bands on carbon materials are observed such as G band
at~1580 cm™" arised by in-plane vibration of sp2 atoms [58], and D band at~ 1350 cm™! is
related to disorder and local defects in the graphenic domain. Besides, at~2700 cm™! the
2D peak appears, which is due to second order zone boundary phonos [6]. It is observed for
both graphene oxide samples that D band increases significatively and the G peak becomes
broader, respect to graphite spectrum, due to the presence of oxygen generated in the oxi-
dation process. Additionally, both H-GEO and N-GEO, exhibit shifted G bands to higher
wavenumbers (from 1565 to 1597 cm™', and from 1561 to 1598 cm™', respectively) and the
2D peak decreases, this last by the delamination of the materials. The changes in the bands
are caused by the partial amorphization of graphitic lattice, which is calculated through the
ID/IG ratio. For both graphene oxide samples, this value increases considerably compared
to that calculated on each graphite precursor, from 0.24 to 0.94 for H-GEO, and 0.35 to
1.01 for N-GEO. NG presents higher structural disorder than HG, due to its nature; there-
fore, N-GEO is affected by the initial structural condition and the ID/IG ratio evidences
this features. Otherwise, for both reduced graphene oxide samples, D and G peaks shift
to lower frequencies toward those observed in graphite precursors indicating a partial res-
toration of the sp> domains, in spite of by chemical methods the recovery of the graphitic
lattice is not complete. The increment on ID/IG values for both reduced graphene oxide is
explained by the numerous new in-plane sp? domains and smaller average crystallite size
[59], implying that H-RGO presents more domains created by the reduction process.

The morphological characteristics of the oxidized and reduced nanolayers are showed
in Fig. 3a-d. All graphene derivatives are highly transparent, implying they are conformed
by few layers as result of their exfoliation after the oxidation process. Even though no
obvious differences are distinguished between the samples, sheets of different sizes were
found and all of them exhibited a wrinkled surface which avoid the restacking of the layers
[23]. These micrographies confirm the decrease of the number of layers implied in Raman
results through the 2D band reduction for graphene oxide and reduced graphene oxide
from two precursors.

Figure 4 shows the dispersion tests, of graphene oxide and reduced graphene oxide pro-
duced from HG y NG, respectively. H-GEO and N-GEO are well dispersed in distilled
water the first minutes (Fig. 4a, b). It is observed that N-GEO exhibits a darker color than
H-GEO mixture, which is an indicative of a better dispersion. This is due to the higher
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Fig.3 TEM images of the graphene derivatives obtained by the chemical method: a) H-GEO, b) N-GEO,
¢) H-RGO, and d) N-RGO

oxygen content in N-GEO; the structural quality and the oxygen contained in NG (dis-
cussed in IR and Raman section) favored a higher oxidation degree. However, after 48 h
both powder formed sediments. H-GEO and N-GEO dispersed in DGEBA (Fig. 4c, d)
remained similar after 48 h, but a low quantity of the nanomaterials were observed at
the bottom of the containers. The mixtures with hexane (Fig. 4e, f) formed sediments
instantly due to graphene oxide being hydrophilic. On the other hand, H-RGO and N-RGO
were dispersed in distilled water (Fig. 4u, v) and the mixtures are slightly clearer than those
observed for the graphene oxide samples. Reduce graphene oxide recovers its hydropho-
bicity as a consequence of the restoration of its graphitic lattice; therefore, its dispersion
in water decreases. When H-RGO and N-RGO are incorporated in DGEBA (Fig. 4w, x),
mixtures are darker than those obtained in water; reduced graphene oxide can be dispersed
in the epoxy resin, which is also hydrophobic. Nevertheless, N-RGO is dispersed in higher
degree than H-RGO, as it is exhibited in the mixture through its darker color. These pow-
ders with hexane were totally separated after 2 h (Fig. 4y, z).
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Fig. 4 Dispersion tests using distilled water with a) H-GEO, b) N-GEO, u) H-RGO, v) N-RGO; DGEBA
with ¢) H-GEO, d) N-GEO, w) H-RGO, x) N-RGO; and hexane with e) H-GEO, f) N-GEO, y) H-RGO, z)
N-RGO

2.5 Graphene Derivatives Produced by the Physical Route

The infrared spectra of steam-exploded graphite, and exfoliated and steam-exploded graph-
ite are observed in Fig. 5a. It was noted the presence of oxygen in NG discussed in the pre-
vious section. The procedure does not promote formation of additional oxygen groups. The
infrared spectra of N-EG and N-EEG do not exhibit new bands additional to the graphite
precursor, therefore, steam explosion and the exfoliation at these conditions do not gener-
ate functionalization of the graphitic lattice. This is remarkable because the structural char-
acteristics of the material remain almost similar to the precursor.

On the other hand, interplanar d-spacing, as well as the number of layers conforming
N-EG and N-EGG were determined through XRD patterns (Fig. 5b). The intense peak
observed around 26.4 is the (002) reflection related to the ordered graphite [60].
Some changes were produced in this peak respect to that obtained for NG. From the diffracto-
grams it was possible to calculate the distance between graphene layers employing the Bragg’s
Law [60]. According to this result interplanar d-spacing remains similar, around 0.337 nm,
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for N-EG, and N-EEG. This is expected due to new oxygen groups not being generated
by these processes, which is corroborated through infrared spectra previously discussed.
Also, mean size of the thickness for the treated materials were calculated using Scherrer’s
equation and taking the interlayer distance, the number of layer was obtained for N-EG,
and N-EEG. It was found that steam-exploded graphite is shaped by 76 layers, which cor-
responds to~26 nm of thickness. After sonication, N-EEG is conformed by 58 sheets,
around ~ 19 nm of thickness. Although both carbon materials are in nanoscale range, N-EEG
posses lower thickness and this feature could play an important role in the final properties.
Hence, this methodology involving two stages, steam explosion and ultrasonication, is a
feasible proposal because the structural quality of the materials is similar to the precursor,
no additional functional groups are generated, and thickness as low as 19 nm is reached;
besides, it is environmental friendly because only water is used during the entire process.

Figure Sc-f displays micrographs of NG, N-EG, and N-EEG. For NG, note its high
thickness through the intense darkness caused by all the stacked layers in this material.
After steam explosion, the material is slightly more transparent especially at borders, which
could be due to a small displacement between sheets; even some morphological details
of graphene layers are observed, such as wrinkled surface. In regard to N-EEG, some
nanoplatelets with high transparency are found caused by the ultrasonication stage. Some
darkness regions are observed; although with the exfoliation lower thickness was obtained
respect to N-EG, the main stacked sheets results in 19 nm. However, TEM images showed
noticable changes produced by the two stages applied to NG.

Figure 6 exhibits the dispersion tests of graphene derivatives obtained by the physical
method. NG, N-EG, and N-EEG in distilled water are well dispersed during the first minutes,
especially N-EG and N-EEG (Fig. 6a-c). These three materials produced darker mixtures
compared to those obtained with the previously discussed graphene oxide or reduced graphene
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oxide. The black dispersions with N-EG and N-EEG corroborate the decrement of the lay-
ers in NG after steam explosion and exfoliation stages. Sediments of NG were observed
after 48 h; N-EG and N-EEG also form sediments, however, a certain quantity of these
materials remain dispersed. Even when the oxygen content in these materials is low, the
powders are well dispersed in water. Through this methodology, the resultant materials are
formed by ~26 and ~ 19 nm of average thickness, but probably few layers are also produced
and they may contribute to the good dispersion observed. Mixtures with DGEBA were
stable during the 48 h analyzed (Fig. 6d-f). In fact, the darkest dispersions were obtained
with the incorporation of NG, N-EG, and N-EEG into the epoxy resin, which makes evi-
dent the good compatibility between the phases. When hexane is used as a solvent, the
materials remain well dispersed for some minutes (Fig. 6g-i). Their hydrophobic character
makes dispersion possible in this medium, although it prevailed during a period of time, 2 h
later sediments were observed.

2.6 Composite Laminates Characterization
2.6.1 Short Beam Shear Tests

The prepared nanomaterials by the chemical route present certain characteristics, graphene
oxide samples are hydrophilic and reduced graphene oxide samples are hydrophobic;
besides they were obtained from precursors of different structural quality. These features
mark determined tendency on the interlaminar shear strength (ILSS) results (Fig. 7a-
b). ILSS values were calculated from the load—displacement curves (Fig. 7c-d) accord-
ing to previous reports [47]. The load—displacement curves exhibit a linear region around
0.1-0.5 mm of displacement; thereafter a non-linear region is observed and the maximum
load is distinguished. Then, the load decreased due to the interlaminar damage evolution
[61]. The maximum load detected is associated with the failure load and employed to obtain
the interlaminar shear strength values of the specimens. In general, both reduced graphene
oxide types exhibit higher performance as reinforcement than graphene oxide samples
(Fig. 7a). Even when the graphitic domain restoration is partial, it seems that H-RGO and
N-RGO are more compatible with the epoxy polymer of prepregs. It has been mentioned

1 mrin
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Fig.6 Dispersion tests using distilled water with a) NG, b) N-EG, ¢) N-EEG; DGEBA with d) NG, e)
N-EG, f) N-EEG; and hexane with g) NG, h) N-EG, i) N-EEG
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that oxygen groups presented on graphene oxide could bind with the epoxy resin, but in this
case, the restricted area of each prepreg limit the contact between every graphene sheet and
the resin, and restored layers provide higher effect of reinforcement. Also, some specimens
reinforced with graphene derivatives from NG as precursor, have the tendency to overcome
those composite laminates reinforced with graphenes obtained from HG on interlaminar
shear strength. It is probable that the higher oxygen contained in NG, compared to HG,
promoted more exfoliation of the layers increasing the contact area of N-GEO and N-RGO
with the surface of each layer of the composite laminates, even when their structure have
lower quality. The best performance is observed with N-RGO at the lowest load, induc-
ing the highest interfacial adhesion between layers of the composite. Even though some
composite laminates showed lower or equal performance compared to the control specimen
(without nanomaterials), it was observed that graphene derivatives produced from natural,
inexpensive, even with a less structural quality precursor, exhibit a better performance as
reinforcement materials.

The results obtained from short beam tests including graphene derivatives produced by
the physical method as reinforcement materials are showed in Fig. 7b. Interesting tendency
is found. First, almost all reinforced composite laminates exhibit higher values of inter-
laminar shear strength compared to the control specimen. Even with NG, some composites
showed better performance at low loads, 0.05 and 0.15 wt.%. Specimens at 0.3wt.% of
carbon materials show lower ILSS values due to the agglomeration formed on the limited
surface of each prepreg during the spraying stage. However, with N-EEG the higher inter-
facial adhesion in the composite laminates is achieved. Results of this work corroborate
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that GNPs may be that expected nanomaterial with high properties and low cost which
may be obtained by a feasible scale-up. It is possible to obtain specimens with higher adhe-
sion between layers when graphene derivatives of high thickness and structural quality are
included on the interfaces. Besides, according to the results observed in Fig. 7b, quanti-
ties as low as 0.05 wt.% of N-EEG are required to reach significative increments on ILSS
values. Moreover, energy absorbed before complete failure of composite laminates with
these graphene derivatives was increased, according to the observed area under the load—
displacement curves [62] (Fig. 7d). Actually, the load—displacement curves show clearly
that the energy absorbed by composite laminates with H-GEO, N-GEO, H-RGO, or
N-RGO is lower compared even with the control specimen. Furthermore, toughness val-
ues for all composite laminates are showed in Fig. 7e-f considering the area under the
curves from stress and strain values from flexure as a beam simply supported at two points
and loaded at the mid-point. Even when graphene derivatives from chemical methods are
formed by a few layers, the highest value of toughness is contributed by N-EEG at 0.30
wt.%, increasing the toughness ~6.1% respect to the control specimen. Therefore, in this
case, thickness of nanoreinforcements played an important role, more than their chemical
surface. NG, N-EG, and N-EEG, are formed by several layers compared to graphene oxide
and reduced graphene oxide, but apparently these hydrophobic materials without significa-
tive damage on their graphitic lattice are more suitable for improving interlaminar proper-
ties in composite laminates. In fact, in a recent work it was reported that GNPs exhibited
superior performance as reinforcement compared to monolayer sheets for thermal con-
ductivity measurements [32]. An overall tendency of graphene derivatives obtained by the
physical method is found to improve the interlaminar shear strength of composites as their
thickness decreased, N-EEG > N-EG > NG; and they provided a better reinforcement effect
than graphene oxide and reduced graphene oxide in the composite laminates. Toughness
increased with the decreasing of thickness of graphene derivatives from the physical route
and the tendency is clearly observed in Fig. 7e-f. The graphene oxide and reduced gra-
phene oxide also provided increments on toughness, but only ~2.5%, whileas with N-EEG
(0.30 wt.% of load)~6.1% more was calculated, respect to the control specimen. N-EEG
obtained from an economical precursor and by easy and environmentally friendly route are
a feasible option to improve the interlaminar properties on this kind of composite laminates.

2.7 Delaminated regions micrographs

Lateral fracture zones of different specimens are observed in Fig. 8. After short beam
tests, the lateral side of the composite laminates was analyzed to detect the delamina-
tion produced by the load applied. Delamination is presented in several sections as
it is shown in Fig. 8a. When these slits or cracks are observed in detail for the control
specimen, it is exhibited a well defined split with predominantly smooth lateral surfaces
(Fig. 8b). Matrix containing fibers is an epoxy resin, which is stiff and presents a brittle
failure. However, when graphene derivatives are added the morphology of the cracks
changes, as Fig. 8c-f illustrate. A delaminated region of a specimen reinforced with
N-GEO at 0.05 wt.% is displayed in Fig. 8c and it is perceived the presence of polymer
ridges between the separated surfaces. The presence of graphene derivatives between
layers of the composite laminates, foment the energy absorption, and the stress around
originates polymer crests which are found in transverse sections to the delaminated
surfaces. The incorporation of reduced graphene oxide also promotes the formation of
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Fig.8 Delaminated regions of control (a, b), and specimens reinforcing with ¢) N-GEO at 0.05 wt.%, d)
H-RGO at 0.05 wt.%, and (e, f) N-RGO at 0.05 wt.%

polymer crests at the fracture regions, as it is showed in Fig. 8d-f (H-RGO and N-RGO
at 0.05 wt.%), regardless of the graphite precursor employed.

On the other hand, Fig. 9a-d displays regions with interlaminar failure of composite
laminates reinforced with graphene derivatives obtained by the physical route. The pres-
ence of NG, N-EG, and N-EEG at the lowest load, 0.05 wt.% (Fig. 9a-d, respectively),
also generate certain degree of plastic deformation. In Fig. 7c-d it was observed that
laminate composites exhibit a plastic behavior, and energy absorbed before failure is
slightly increased when graphene derivatives from physical method are added, accord-
ing to the observed area under the load—displacement curves. Also observed is the
existence of stretched zones along the fracture regions for all reinforced composite lami-
nates exhibited. Therefore, these kind of materials, shaped by several layers, stimulate
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the increment of absorption energy as ILSS results showed, and polymer crests are more
evident when N-EEG (0.05 wt.%) is incorporated (Fig. 9¢,d).

2.8 Dynamic Mechanical Analysis

Storage moduli (E’) variation of specimens reinforced with graphene derivatives obtained
by the chemical method is presented in Fig. 10a, b. Storage modulus is associated with the
stiffness of the materials [63], in this case, composite laminates. The incorporation of nano-
materials on the surface of each prepreg, modified the mobility of matrix polymer chains
changing the elastic behavior. The control specimen exhibits an initial E* value of 392 GPa,
and with nanomaterials incorporated, important shifts are observed. It is noted that almost
the whole specimens reinforced with graphene oxide or reduced graphene oxide enhance
their storage modulus, independently of the graphite precursor employed for the obtaining
of graphene derivatives. Moreover, the thermal stability of all reinforced composite lami-
nates is increased, which can be observed in higher resultant glassy region. These nano-
materials increase the stiffness and thermal stability of the composite laminates due to the
interfacial interactions and interlocking between the graphene derivatives and the matrix,
restricting the mobility of the epoxy chains around their bidimensional and rough surface.
In regard to the influence of the graphite precursor, some differences are perceived. At first,
the highest E’ value at 40 °C is reached adding H-RGO at 0.15 wt.%,~633 GPa (Fig. 10a),
which represents ~61% of increment respect to the control specimen. Nevertheless, the rein-
forcement with N-RGO at only 0.05 wt.% produces an enhancement of ~43%, the second
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Fig. 9 Interlaminar failure of specimens reinforced with a) NG, b) N-EG, and (¢, d) N-EEG at 0.05 wt.%
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Fig. 10 Storage moduli of composite laminates reinforced with graphene-derivatives produced by the
chemical method from a) HG and b) NG, and c¢) the physical method

highest storage modulus value considering those observed with graphene derivatives pre-
pared by the chemical method (Fig. 10b). Graphene oxide at 0.05 wt.% and 0.30 wt.% from
both kind of precursors, also provides notable increments in E’. Although a graphene deriv-
ative obtained from HG exhibits the highest storage modulus as reinforcements, it is also
observed that some specimens show a similar or even a lower stiffness in contrast to the
control, at the beginning of the test (40 °C). As regards the nanosheets prepared from NG,
the whole composite laminates with these reinforcements display superior storage moduli
compared with the control. However, it results interesting that both reduced graphene oxide,
H-RGO and N-RGO (at 0.15 wt.% and 0.05wt.%, respectively), prepared from different kind
of graphite, provided the best E’ values compared to those reached with graphene oxide.
Oxygen is not completely removed from the nanosheets after chemical reduction process,
but the diminishing of these groups producing the change of the hydrophilic to hydrophobic
character, besides the low loads, caused an excelent effect of reinforcement in the compos-
ite laminates. The difference in performance of specimens reinforced with H-RGO (0.15
wt.%) and N-RGO (0.05 wt.%) could be caused by the structure quality of these nanolayers,
which also contain distinct quantity of oxygen, as it was observed through IR and Raman
spectra. Another important aspect is the incorporation of the graphene derivatives only at
the surface of each prepreg by spraying. The nanosheets are not completely immersed in
the matrix, their contact with the epoxy polymer chains is limited, nevertheless, the rein-
forcement effect is outstanding. This latter, also shows the relevance of the effect of
nanometric scale in nanosheets over their graphitic quality, indicating N-RGO could be used
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efficientily instead of H-RGO, proving that nanometric thickness is more important in this
case than high oriented carbon layers. Thus, by this methodology the incorporation of nano-
materials improved the initial storage modulus and the glassy region without affecting the
stoichiometric ratio between epoxy resin and curing agent, even though some specimens are
highly oxygenated. Some studies have shown the presence of graphene oxide in the epoxy
resin may alter the cross-linking degree of an epoxy matrix resulting in lower storage mod-
uli [23]. Therefore, it is important the mechanism of reinforcement in this kind of matrix
taking account its facility for a posterior production in large scale.

On the other hand, the storage modulus values of composite laminates reinforced with
graphene derivatives produced by the physical method are presented in Fig. 10c. Most of
the specimens exhibited important increments on E’ values and wider glassy region respect
to the control specimen. The highest initial storage modulus is obtained adding N-EEG at
0.30 wt.%, reaching until ~606 GPa, which is around 55% more than the control. Besides,
the reinforcements with N-EG at 0.15 wt.% and NG at 0.05 wt.% are distinguished with
storage moduli of ~510 and ~ 507 GPa, respectively, indicating that the number of layers of
these graphitic nanomaterials has an important influence on the stiffness of the composite
laminates. The addition of the thinnest graphene nanoplatelets prepared by this methodol-
ogy provided a great effect of reinforcement. N-EEG at 0.3 wt.% showed a slight lower
performance on interlaminar shear strength tests compared to the others loads (N-EEG
at 0.05 and 0.15 wt.%); however, the storage modulus was noticeably increased at this
concentration. This could be attributed to the base of each test. In DMA tests an oscilla-
tory stress is applied at a controlled frequency, in a range of temperature; therefore, epoxy
chains are slowly rearranged as a response to the test conditions, and the higher load of
N-EEG provided a major restriction on the mobility of polymer chains. The higher quan-
tity of nanomaterial of ~ 19 nm of thickness interacts with the polymer chains, which hin-
ders the movement of the epoxy chains and produces a better transference of the stress to
N-EEG. This interaction produces a noticeable increment on the storage modulus. Regard-
ing performance of N-EEG at 0.3 wt.% on short beam test, the conditions of the test pro-
mote the presence of an excessive interlaminar shear stress while the load increases until
fracture takes place. The interlaminar shear stress is deflected by the nanomaterials; how-
ever, the higher quantity of N-EGG the more agglomerates are formed, and agglomerates
propitiate the interlaminar crack formation. Nevertheless, the increase of ~55% in storage
modulus, adding N-EEG (0.30 wt.%) is the second highest considering the total composite
laminates prepared in this work, including those reinforced with graphene derivatives pre-
pared through the chemical method. It is important to highlight that the structural quality
of N-EG and N-EEG is not significatively modifed by the steam explosion and ultrasonic
exfoliation, even, the quantity of oxygen remain very similar to that observed in the graph-
ite precursor. Therefore, there are not functional groups to form chemical links between the
graphene derivatives from the physical method and the epoxy matrix. However, as it was
mentioned previously, the graphenic structure of these nanoplatelets and compatibility with
the polymer matrix provide strong interfacial interaction to increase the performance of
the composite laminates. This can be supported by the dispersion tests showed in previous
sections, where the mixtures prepared with graphene derivatives obtained by the physi-
cal route were the darkest implying a better dispersion and good compatibility with epoxy
resin. Furthermore, it is important to consider the significant lower cost of NG (compared
with HG) and the mentioned advantages of the physical process, which make N-EEG a
viable option to satisfy the industrial requirements. Moreover, it is necessary to remark
that the thickness of the graphene derivatives evaluated in this work had a marked influ-
ence on the interlaminar shear strength and storage moduli. Regarding ILSS results, the
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tendency was more evident, because the graphene derivatives of higher thickness exhibited
a better performance compared to the control specimen and laminates reinforced with gra-
phene oxide and reduced graphene oxide. As to stiffness, all graphene derivatives, of low
and high thickness, contributed to increase the storage modulus; at this conditions, these
materials obstructed the mobility of the epoxy chains by an efective interlocking between
them. For this test, beside thickness, the additional features of the graphene derivatives
influence on storage modulus behavior, due to the interfacial interactions between matrix
and reinforcement are affected by the chemical surface of the nanomaterials, dispersion,
roughness, and others. However, great results are observed with graphene derivatives of
higher thickness.

On the other hand, tan delta curves of composite laminates reinforced with graphene
derivatives obtained by chemical and physical methods are showed in Fig. 11a-c. These
curves let to detect the glass transition temperature (Tg), which is observed on the peak
of tan delta graphics. Moreover, the high of tan delta curves provides important informa-
tion about the interfacial adhesion between reinforcements and the epoxy matrix around
them; weak interfaces are reflected in more energy dissipation [64]. Figure 11a-c exhibts
that the high of tan delta peaks of the whole composite laminates remains similar or even
lower to that observed in control specimen. This behavior may be attributed to the great
interfacial interactions between graphene derivatives employed and the polymer matrix,
which obstruct the molecular epoxy movement. The presence of these carbon nanomateri-
als on the surface of each prepreg result in a reduction of polymer chains motions at their
interfaces and therefore, the high of tan delta peaks diminishes. With regard to glass transition
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Fig. 11 Tan delta graphs of specimens reinforced with graphene derivatives obtained from a) HG, and b)
NG (chemical method); and, ¢) the physical route
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Fig. 12 Tg values of composite laminates reinforced with graphene derivatives obtained by a) the chemical
method and b) the physical method

temperature, Fig. 12a,b exhibits the values of the all composite laminates prepared
in this work. Control specimen exhibits a Tg value of ~ 105 °C, meanwhile all reinforced
specimens show remarkable increments. Even though, Tg values from composite lami-
nates reinforced with nanosheets prepared by the chemical method are substantially higher
than control sample, more composites reached outstanding Tg adding graphene derivatives
obtained by the physical method. Through the incorporation of N-EG at 0.15 wt.%, Tg
increases until ~ 119 °C, which is the highest value obtained in this work. Then, a Tg value
of ~117 °C is obtained with the addition of NG (0.05 wt.%), NG (0.15 wt.%), N-EG (0.05
wt.%), N-EEG (0.05 wt.%), and N-EEG (0.15 wt.%). Also, a Tg of 117 °C is obtained rein-
forcing with H-GEO (0.05 wt.%), H-RGO (0.15 wt.%), and N-RGO (0.05 wt.%). Hence, a
great performance can be achieved with graphene derivatives from the physical method.
The incorporation of these graphene derivatives on the surface of each prepreg could
strengthen and toughen the epoxy matrix immobilizing the polymer chains around the sur-
face of the carbon nanolayers, which produced an remarkable increment in Tg.

3 Conclusions

Graphene derivatives produced by chemical and physical methods, were evaluated as rein-
forcements materials in composite laminates. Furthermore, two graphite precursors were
employed to prepare graphene derivatives through the chemical method. Some different
oxygen groups were generated on graphene oxide from highly oriented graphite in compar-
ison to natural graphite. For reduced graphene oxide, through IR spectra it was observed
that oxygen remained, which by the bands observed, is higher for derivatives from natural
graphite. The lower oriented structure and initial oxygen content on NG could foment the
additional oxygen quantity attached on its graphitic lattice. Regarding the chemical and
physical methods, remarkable features were found. The chemical method causes damages
to the graphitic structure and oxygen groups are generated as a result of oxydation process;
even, after chemical reduction, restoration of the graphitic domain is partial. On the other
hand, the physical method through steam explosion and ultrasonication, produced materials
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with structural quality similar to the graphite precursor. No additional oxygen groups were
generated by the process and exfoliation was successful in obtaining graphene nanoplatelets
around 19 nm of thickness. Moreover, dispersion tests showed that N-EG and N-EEG were
efectively dispersed in epoxy resin obtaining the darkest mixtures, which reimained stable
during all the time.

As reinforcing materials in the composite laminates, there are no prominent differences
between graphenic nanomaterials obtained by the chemical method from HG and NG, indi-
cating that nanometric thickness effect of nanosheets prevails over their orientation and
graphitization at interface level. On the other hand, it was found that graphene derivatives
produced by the physical method overcome those by chemical routes in interlaminar shear
strength. It is probable that the less structural damage resulting of explosion and exfoliation
steps played an important factor on their performance. In addittion, these reinforcements
were favorable for increasing the interlaminar shear strength, implying a better compat-
ibility between components and the matrix. Regard to thermo mechanical properties, the
highest storage modulus was increased~61% adding H-RGO at 0.15 wt.%; however, the
incorporation of N-EEG at 0.30 wt.% produced an increment of ~55%, the second highest
storage modulus considering the whole composite laminates. Moreover, the reinforcement
with graphene derivatives obtained by the physical method, produced the highest improve-
ment in Tg values. In fact, most of the composite laminates with NG, N-EG, and N-EEG
showed the highest Tg values, around 117-119 °C. This work shows that graphene
derivatives which are formed by higher thickness, are able to increase the performance of
composite laminates, even in higher degree in some tests than those prepared by typical
chemical methods, like graphene oxide and reduced graphene oxide. It would be relevant to
modify the process conditions of this physical method (proposed in this research) to obtain
graphene derivatives with a wider range of thickness and find the best value to improve
the properties of these composite laminates. At these experimental conditions, N-EG and
N-EEG showed better effect as reinforcement than NG; but it was necessary to determine
the influence of starting graphite as reference. Nevertheless, a decrease in thickness of gra-
phene derivatives from the physical method modified the interfacial adhesion of the final
composites respect to those with H-GEO, N-GEO, H-RGO, N-RGO and control specimen.
Graphene derivatives obtained by steam explosion and ultrasonic exfoliation represent a
viable option as reinforcement materials, due to the easy and environmental friendly produc-
tion, low cost of the graphite precursor, possibility of large-scale production, high structure
quality and good performance in composite laminates.
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