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An extreme conditions situation, e.g. pre-salt deeg exploration, requires new materials
with even better performance. Nanotechnology isnthe paradigm that can lead to the
development of these new super materials. Thet effegraphene pileups dispersion into
carbon fiber/epoxy composites was investigated rerpatally. The dispersion process
was based on sonication and high shear mixing. XdR® SEM indicate that although the
dispersion process can lead to exfoliated nanostnes, there is a saturation limit for the
epoxy system, around 0.5 wt. %. The addition oplgeae to carbon/epoxy composites
seems to have no influence into stiffness, asdpes of the stress-strain curves were near
constant for all specimen tested. The bending gtterhowever, was heavily influenced by
formation of graphene pileups into epoxy matrix arsddispersion around the carbon
fibers. The increase on bending strength from 62&.0.16 MPa (control samples) to
1259.92451.73 MPa for 0.5 wt. % graphene additi@presents an average improvement
of 102%. This can be attributed to changes on failmechanism, moving from intra-
laminar failure to a mix failure mode where int@md intra-laminar failure are combined
in a zigzag pattern. A possible explanation forhsbehavior is the formation of strong
bonds at the fiber/matrix surroundings due to nanasures formation.
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I ntroduction

According to Avila et al. (2011), carbon based natractures,
i.e. carbon nanotubes (CNT) and graphene nano ssH&H\),
present remarkable mechanical, electrical and taleproperties.
CNT capabilities have been observed experimengalty verified by
numerical simulations. Although carbon nanotubeweha@reat

higher than the conventional laminated systemsicdhat for the
interlayer nano reinforcement some issues mustobsidered, i.e.
the interfacial bonds between carbon nanotubegtanéiber/matrix

system and the length effect into this “grip coiwdit. Shokrieh and
Rafiee (2010) modeled the CNT length effect on foezement
effectiveness. Moreover, they concluded that fabe@a nanotubes
with length less than 100 nm, the improvement afinsss for

potential for applications in a large variety okges, e.g. aerospace CNT/polymeric systems is negligible. By taking irtonsideration
industry, medical and electronic devices, thermigonsensus about shokrieh and Rafiee (2010) conclusions and thecdiffes reported

their exact mechanical properties. Moreover, tightdost of CNT
is an issue that cannot be discarded for indusipglications. Even
though a large number of researchers have beimg usarbon
nanotubes for reinforcement of composites laminatés good

results. Among those researchers are Kim and aobébrs (2009),
whom described no significant increase on tengitperties of the
addition of CNTs to carbon fibers/epoxy laminatBsnetheless,
they noticed an enhancement on flexural moduk®k2%) and
strength £18%) with the addition of 0.3 wt. % of CNT to thgosy

system. This increase can be attributed to changesflexural

failure mechanisms. Following the same idea, Chioal.e(2010)
discussed the influence of CNTs into the failure lafminated
composites. They even proposed the concept of aichybter-

laminar architecture that can bridge inter-lamicacks. Wicks and
colleagues (2010) actually produced the hybrid nagiaforced
laminated composites proposed by Chou et al. (204Dnentioned
by Wicks, aligned CNTSs bridge the plies interfacekich can lead
to an increase on toughness, for the steady statditon, 76%
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by Ma et al. (2010) for dispersing carbon nanotubhés polymeric
matrices, it is clear that although CNTs are a leiatption for
reinforcement of nanocomposites and its hybrid cammgns,
another alternative must be investigated.

Yasmin et al. (2007) mentioned that graphene based
nanocomposites can be an alternative option forineegng
applications due to their outstanding specificrggte and stiffness.
The usage of graphene nano sheets is gaining rtergian due to
their good relation benefit/cost. As said by Ko®@8), CNTs and
graphene nano sheets (GN) have approximately time séffness,
around 1.0 TPa. Moreover, the cost for expandataphgte, which
is the main source of graphene nano sheets, is ndrou
US$10.00/pound, while single wall carbon nanotuf@sT) cost
for one single pound is 20,000 times higher.

To be able to apply graphene nano sheets to coteposi
materials, the issue of polymer/nanoparticle corbpay must be
investigated. Park and colleagues (2008) coatdobnafibers with
exfoliated graphite by electro deposition to inigeie its effect on
mechanical properties. According to them, a smaitréase on
elongation around 11% was noticed when comparednsiga
conventional carbon fiber composites. However, acregase of
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flexural modulus and strength was also observed iflarease was
attributed to the reinforcement effect of the cdafibers. To be
consistent with the coated fiber morphology, theréase on
strength must be attributed to the interfacial sonceated by the
coated fibers and the epoxy matrix. This could e most likely
explanation for the effect observed by Park e{2008). Park and
co-workers did not discuss the possibility of birgkdown the
graphite nano sheets into graphene blocks. Drzdlhes research
group (Kalaitidou et al., 2007), however, introddickne idea of
dispersing blocks of graphene into polymeric masidn their case,
these matrices are thermoplastics, in special popypene (PP). By
studying the graphene blocks dispersion into PRaik#dou et al.
(2007) identified a saturation limit (around 10 #&) of graphene
blocks for PP composites. After this limit, the xfleal strength
seems to reach a plateau. Li et al. (2007) werthéur as they
applied a surface treatment of graphite nano shbated on
ultraviolet light and ozone combination. Li and workers
considered a nanocomposite based exclusively orxyemd
graphene based nanoparticles. They noticed a tentsiacrease on
flexural modulus with the increase of graphene thasoparticles
up to 1.5 wt. %. Yet, a decrease on flexural stitengas also
identified with the increase of graphene content.

The purpose of this paper is to investigate theliegtpn of
graphene nano sheets and clusters of graphene sherets into
hybrid carbon fibers nanocomposites under bendiadd.

Hybrid Nanocomposites Synthesis and Characterization

As commented by Avila and co-workers (2010), théorhty
nanocomposites can be defined as multi-reinforcadhifated
composites. Such multi-reinforcement can be dividedthree
different levels; the first one is a nano-reinfonemnt with formation
of nano-structures due to nanoparticles dispeiisimnthe polymeric
matrix. The second level of reinforcement can becdked as the
bond formed between clusters of nano-structures e
macroscopic fibers. Finally, fibers themselves bardefined as the
last level of reinforcement.

In this research, the hybrid nanocomposite is abarar
fiber/nano-modified epoxy system laminated with lagers. The
fiber reinforcement is a plain weave carbon fibéhva real density

of 220 g/m. The epoxy system was made of diglycidil ether

bisphenol A (DGBA) resin and an amine hardener RemLam M
and HY956, supplied by Huntsman Incorporated. Tiherfepoxy
ratio is equal to 50/50. The graphene used haserigsn from an
expandable graphite (HC 11 IQ) supplied by NacioGahfite
Incorporated. When the HC 11 IQ expandable grapsisubmitted

Avila et al.

for nanoparticles dispersion. After this limit, marticles

precipitation is most likely to occur. To be abteitivestigate the
graphene effects, four different sets of specinvesr® prepared, i.e.
0 wt. %, 0.5 wt. %, 1.0 wt. % and 1.5 wt. %. Altlghuthe ASTM D

790 standard (2010) suggests 5 samples for eachngetest, to be
able to make a statistical analysis of data, 1Cciepens were
prepared for each case studied.

According to Koo and colleagues (2011), during the
nanoparticles dispersion into polymeric matricesastructures are
formed. The two most common detection techniquesnaoo-
structures identification are X-ray diffraction anelectronic
microscopy. In this research, X-ray diffraction (BRexperiments
were carried out on a Shimadzu XRD-6000 X-ray ddfrmeter
with Cu (. = 0.154 nm) irradiation at 40 kV and 30 mA usindlia
filter. Data were recorded in the range from 2 @ &g in a
continuous scanning at 2 degrees per minute anglsnpitch of
0.02 deg. The high resolution scanning electron rosimope
(HRSEM) used was a Quanta 200-FEG-FEI, while thesimission
electron microscope (TEM) employed was a Tecnai2-2G-FEI.
During the three points bending tests, an EMIC D0d® universal
testing machine with load cell of 100 KN and elentc deflect
meter of 25 mm was employed. The test procedurewsl the
ASTM D 790 standard (2010).

Data Analysis

Two different sets of experiments were performeuk Tirst one
deals with the nanostructures formed and its ifleation, while the
second group of tests focuses on mechanical behawib fracture
analysis. HRSEM observations shown in Fig. 1(a)ntife the
expanded graphite structure before sonication. HBxpanded
graphite seems to be formed of various thin layarsgraphite
grouped by van der Walls forces. However, theseltyiers are also
multi-layer materials. The tip of one of these Isys marked with
the white circle in Fig. 1(a), while Fig. 1(b) isT&M observation of
a single layer of expandable graphite, showing pileups of
graphene nano sheets. Furthermore, Fig. 2 shows Xthay
diffraction (XRD) signature for control samplesy®. % graphene)
and the three concentrations of graphene based idhybr
nanocomposites, respectively.

As it can be noticed in Fig. 2, the sharp peakuobetween
26.27 (0.0 wt. %) and 26.251.5 wt. %). The usage of Bragg's law
(Cole, 1970) allows us to compute a basal spacatgéden 0.33 nm
and 0.34 nm. According to Saito et al. (2005),libsal distance for
pure graphene is around the 0.34 nm value. Furtresnthe XRD
intensity seems to indicate a “saturation” limittae highest peak

to a 900C thermal gradient in a 30 second period or lels, t was notice for the 0.5 wt. % samples. After theitliwas reached

polymeric layers between the graphite plies vatagil This sudden
reaction leads to the graphite speedy expansiothésolume must
remain constant, the graphite thickness approaches scale. The
expanded graphite is later on functionalized usiiigc and sulfuric
acid solutions. The graphene nano sheets are ebtaifen the
functionalized expanded graphite is sonicated iagureous solution
for at least four hours, dried, and later on dispédrinto epoxy
matrix using a higher shear mix for at least onerho

The hybrid composite was prepared following thecpdure
described by Avila et al. (2010). A dispersant agenetone, was
employed to improve the mixing process. A doubl&ing process
was used during the samples preparations. The $iegp was
sonication for one hour followed by higher sheaxing for another
hour. The degassing stage was required to elimiratebles
generated during the higher shear mixing, as veelbaliminate the
dispersant agent, i.e. acetone. After this proaedine hand lay-up
with vacuum assisted cure was performed. As meedtidsy Avila
and collaborators (2010b), the epoxy system haaturation limit
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the XRD intensity was decaying. The 1.5 wt. % samgresented
XRD energy even lower than the control samples5il®3 CPS and
5597 CPS. This behavior could suggest the formationlusters.
This hypothesis was confirmed by high resolutioSElusters of
graphene nano sheets with 100 nm of diameter casbberved in
Figs. 3(a)-(b). Finally, the “X-ray signature” seenmo be an
indication that the graphene nano sheets wereiatedlin blocks.
The next step was the mechanical characterizafitimese hybrid
nanocomposites. Notice that the carbon/epoxy coitgsosvithout
graphene will be considered as control samples rEsiearch focused
on bending stiffness/strength due to the possibpdication of these
composites as sandwich structures face sheets.thittstresses are
computed based on Timoshenko Beam Theory as degdritKollar
and Springer (2003). By analyzing Fig. 4 some conimean be
made. First, the graphene addition provided areas® on stiffness as
it can be noticed in Tables 1 and 2. In all cateselasticity modulus
in bending is statistically different, with the dmst increases(172%)
for the 0.5 wt. % graphene samples. The large ti@mian modulus
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can also be due to graphene agglomeration ancecligstmation as 7
seen in Fig. 3. Second, the strength was stronffigctad by the
graphene addition. A boost on peak stress of 13%% moticed for
the 0.5 wt. % nanocomposite. As the amount of graptincreased, { — :
i.e. 1.0 wt. % and 1.5 wt. %, the peak stresses Ww88% and 80% \‘

higher than the control samples (samples withoaplyene). This 1 , w‘i‘i

1.5 wt% graphene

enhancement on peak stresses can be attributbdnges on failure
modes. Statistical analyses, summarized in Tablesnd 4,
demonstrate that all four groups have a normatibigion and the i

Bonferroni test indicates, fon = 0.05 (significance level), that there

are significant statistical difference between tantrol sample 1
group and the others. However, there is no diffeeeamong the
groups with graphene.

Intensity [CPS]
1

0.5 wt% graphene

0.0 wt% graphene

Diffraction angle 26 [deg]

Figure 2. XRD signature.

Figure 1. Single nanographite sheet observation: (a ) SEM analysis; (b)
TEM analysis.

500.0nm:

(b)

Figure 3. Graphene clusters: (a) Global view; (b) Z oom.
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Figure 4. Stress-strain response to bending loads.

strain curve; (b) Box graph for peak stresses; (c)
modulus in bending.

Box graph for elasticity
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Table 1. Normality test — elasticity moduli in bend  ing.
Set Mean Standard Mean Shapiro-Wilk*
D Value | Deviation | Standard|[— .-
[GPa] [GPa] Error | statistical| PV@Ue

0.0 27.9488 2.7373 0.9124 0.9537 0.7313
0.5 76.8675 4.0306 1.4250 0.8996 0.2869
1.0 | 38.4444| 4.11937 1.3731L 0.9388 0.5696
1.5 58.7142| 13.2535 5.0098 0.8533 0.1319

*At the 0.05 level, the data was significantly draw

distributed population.

from a normal

Table 2. Bonferroni test — elasticity moduli in ben ding.

Groups '\[A)?f? n Sotfd MEeggr t-value p-value Sig*
0.5-0.C | 48.918t¢ 3.331¢ 14.682( | 3.4928E-14 1
1.0-0.0| 10.4955 3.2322 3.2471 0.0176 L
1.0-0.5| -38.4230 3.4553 8.903p 5.1518E-9 1
1.5-0.0| 30.7654 3.5485 -5.11586 1.1036E-4 1
1.5-0.5| -18.1532 3.4553 5.866[L 1.3804E-5 1
1.5-1.C | 20.269¢ 3.455! 8.903¢ 5.1518F-9 1

*Sig equals to 1 indicates that means difference is
0.05. Sig equals to O indicates that means differen
the level 0.05.

significant at the level
ce is not significant at

Table 3. Normality test — peak stresses.

Set Mean Standard Mean Shapiro-Wilk*
D Value | Deviation | Standard W-
[MPa] [MPa] Error | statistical| P-V@Ue

0.C 623.015. | 70.155° 23.385. 0.949: 0.681¢

0.5 1259.919 61.7305 19.520P 0.9372 0.52P28

1.0 1142.727 72.3982 22.8948 0.8958 0.1969

15 1187.536) 129.549 40.9671 0.9478 0.6430
*At the 0.05 level, the data was significantly draw from a normal
distributed population.

Table 4. Bonferroni test — elasticity moduli in ben ding.
Groups 'V"?a” Std. Error t-value p-value Sig*
Diff of Mear

0.5-0.0| 636.9041 40.4967 15.72Y3 1.1601E}16 1
1.0-0.0| 519.7120¢ 40.4967 12.8384 5.1170E}14 1
1.0-0.5| -117.192 39.4166 -2.9731 0.0318§ N
1.5-0.0| 564.5215 40.4967 13.9399 4.4897E}15 1
1.5-0.5 | -72.382! 39.416¢ -1.836: 0.448¢ 0
1.5-1.0| 44.8095 39.4166 1.1368 1 [t

(a) Typical Stress-

*Sig equals to 1 indicates that means difference is
0.05. Sig equals to 0 indicates that means differen
the level 0.05.

significant at the level
ce is not significant at

According to Yasmin et al. (2007), bending failume carbon

fiber/epoxy systems is fiber dominated.

Therefottee failure

propagation in all cases should be the same. HaweAen the test
samples were analyzed, an unexpected behavior atced. The
failure on control samples (Fig. 5(a)) was mainhtra-laminar,
while the “zigzag” failure mode was observed irethsets of hybrid
composites (Figs. 5(b)-5(d)). The zigzag failure dmocan be
described as a combination of inter- and intradfemnifailures. By
allowing these two failure modes (inter- and inaeinar) acting

simultaneously the energy dissipation was
higher peak loads.

improvedch leads to
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(d)

Figure 5. Failure modes versus graphene content. (a
(c) 1.0wt. %; (d) 1.5wt. %.

) Owt. %; (b) 0.5wt. %;

A possible explanation for such behavior can bedtamhene
clusters dispersion into the matrix around therSbehich can lead
to formation of strong bonds at the interface fibetrix. These
bonds could be responsible for stress distributiwaugh the fibers
and the zigzag effect. Notice that according to llKuand co-
workers (2010), the graphene stiffness is arour@ TPa, and
strength is close to 130 GPa, which can providetsubial increase
on stiffness and strength of the interface fibetfivaThis increase
on strength and stiffness can provide a bettersstdistribution
around the fiber/matrix surrounding region leadiog@ much higher
bending strength. Notice that as the amount ofedssal graphene
pileups increase, the epoxy matrix is approachisgsaturation
limit. After this limit, in our case 0.5 wt. %, pripitation occurs,
which leads to clusters formation that will acséress concentration
sites. These clusters could be the cause of theeaks on bending
strength with the increase of graphene dispersiam 0.5 wt. % to
1.0 wt. % and 1.5 wt. %, respectively. These chssieere spotted in
specimens with 1.5 wt. %, as shown in Figs. 3(a) 2(b).

Conclusions

The addition of graphene to carbon/epoxy
composites seems to influence into bending stireswell as on
bending strength. The elasticity modulus in bendingreased
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from 27.94+2.74 GPa to 76.87+4.03 GPa when the lgme
addition went from 0 wt. % to 0.5 wt. %, respeclivéd moderate
increase on stiffness, 38.44+4.12 GPa and 58.72518Pa, was
observed for the 1.0 wt. % and 1.5 wt. % sampldss Bmall
increase can be attributed to graphene clustemafion, due to
the epoxy dispersion saturation limit. The bendgtgength was
heavily influenced by the formation of grapheneepps into the
epoxy matrix and its dispersion around the carbibers. The
increase on bending strength reached a peak of.9898Pa for
the 0.5 wt. % specimens. As the amount of graptdispersed
into epoxy matrix increased, the average bendingngth went
from 623.01+70.15 MPa (with no graphene) to 125864173
MPa (for a 0.5 wt. % graphene), and 1143.72+72.39aMnd
1187.53+129.54 MPa, 1.0 wt. % and 1.5 wt. %, respely. This
enormous increase on bending strength can be wtdbto
changes on failure mechanism, moving from intraiem failure
to a mix failure mode where inter- and intra-larmifiailure are
combined in a zigzag pattern. A possible explamafior such
behavior is the formation of strong bonds at fibetrix
surroundings due to nanostructures formation.
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