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Abstract
The introduction of graphene-relatedmaterials (GRMs) in carbonfibre-reinforced polymers (CFRP)
has been proved to enhance theirmechanical and electrical properties. However,methodologies to
produce the 3-phasematerials (multiscale composites) at an industrial scale and in an efficientmanner
are still lacking. In this paper,multiscale CFRP composites containing different GRMshave been
manufactured following standard procedures currently used in the aerospace industry with the aim to
evaluate its potential application. Graphite nanoplateletelets (GNPs), in situ exfoliated graphene oxide
(GO) and reduced graphene oxide (rGO)have been dispersed into an epoxy resin to subsequently
impregnate aeronautical grade carbonfibre tape. The resulting prepregs have been used for
manufacturing laminates by hand lay-up and autoclave curing at 180 °C.Abroad characterization
campaign has been carried out to understand the behaviour of the differentmultiscale laminates
manufactured. The degree of cure, glass transition temperature and degradation temperature have
been evaluated by thermal evolution techniques. Similarly, theirmechanical properties (tensile,
flexural, in-plane shear, interlaminar shear andmode I interlaminar fracture toughness)have been
analysed together with their electrical conductivity. Themanufacturing process resulted appropriated
for producing three-phase laminates and their quality was as good as in conventional CFRPs. The
addition ofGO and rGO resulted in an enhancement of the in-plane shear properties and
delamination resistancewhile the addition ofGNP improved the electrical conductivity.

1. Introduction

Carbonfibre-reinforced polymers (CFRPs) arewidely used in the aerospace industry due to their outstanding
strength-to-weight ratios [1, 2]. Nevertheless, the fact that CFRPs aremade by stakingfibre plies and held by a
resinmatrixmakes thesematerials highly anisotropic, showing poor conductivity and poormechanical
properties in the direction perpendicular to the fibres, leading to delamination, brittle failure and poor damage
resistance [3, 4]. The scientific community has proposed several techniques to enhance this behaviour such as
z-pinning/stitching, fibre sizing ormatrixmodifications [4–6] and interleaving [7]. The use of thermoplastic
non-woven veils doped or coatedwith conductive nanoparticles can increase their fracture toughness [7–10]
while providingmultifunctionality [7, 8, 11], but they have to be positioned by hand, not being compatible with
the automatedmanufacturing processes. Up to the date, there is a lack of strategies that are adequate for
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producing enhancedCFRPs at an industrial scale without increasing largely the costs or production times, thus
making them inefficient and compromising its potential application [6].

Among the different strategies, the addition ofmicro- and nanoreinforcements to the resinmatrix has also
demonstrated to enhance the polymer and interplay characteristics [4, 12–14]. Particularly, graphene-related
materials (GRMs) are promising candidates to act as nanoreinforcements due to their outstanding properties
inherited from graphene [15–17]. The strength, stiffness and toughness of GRMs, aswell as their thermal and
electrical conductivities, togetherwith the large specific surface area and aspect ratio, lead to an enhancement of
themechanical properties of polymers while providingmultifunctionality [15–19]. Furthermore, the
functionalization and surfacemodification of graphene have been recognized as an effective strategy to improve
the interface properties between theGRMs and epoxymatrices [19–23]. GRMs can be prepared at low
temperature, withoutmetal catalysis, by exfoliation of bulk graphite with ultrasonicmethods, high speedmixing
orwater-jetmilling [15], unlike other nanocarbon reinforcements as fullerenes and carbon nanotubes (CNTs).
Actually, the exfoliationmechanism allows producing large quantities and it is a scalablemethod suitable at
industrial scale [24, 25]. In addition, while one of themain problems of adding nanocarbon reinforcements to
the resin is the subsequent increase in viscosity, it has been demonstrated that this increment is lower using
GRMs thanCNTs, what is a key aspect tomanufacturemultiscale composites (3-phase composites) in a large
scale [17, 26–28].

Several routes are available for the incorporation of theGRMs into thematrix togetherwith the carbon fibres
(CFs) [6, 15], but these routes are limitedwhen looking formethods applicable in the aerospace industry. Resin
transfermoulding (RTM) or vacuum assisted resin infusionmolding (VARIM) have been investigated to
producemultiscale laminates [29–32], but thesemethods have shown limitations related toGRM
agglomeration, filtration effects and high viscosity of the nanoreinforced resins [6, 29–31]. An alternative
methodology prepreg lay-up and autoclave, which is curing is awell-establishedmethod for producing high
performance composites withwell consolidatedmanufacturing routes [33]. There are different alternatives for
obtain three-phase composites using prepregs: (1) pre-impregnate fabrics orfibre tapeswith a previously
nanoreinforced resin to produce ‘doped’ prepregs, (2) insertion of nanofiller layers between conventional
prepregs and (3)modification of conventional prepregs by nanofiller spraying [6, 33]. Among them, thefirst
method is themost compatible with the current automated lay-up technologies. However, the number of
studies ofmultiscale CFRPs containing carbon nanofillersmanufactured by prepreg lay-up and autoclave curing
scarce in the literature and no study following industrial procedures has been reported to the knowledge of these
authors.

Siddiqui et al produced prepregs with carbon nanotubes (CNTs)with a laboratory-scale prepregger [34] and
observed an increase in the interlaminar shear strength by 12%and in the torsional shearmodulus and strength
(17%and 19.5% respectively)when adding 0.5%ofCNTs and curingwith a vacuumhot press at 120 °C [35].
Joshi et al sprayedmultiwalled CNTs onwovenCFRP prepreg and cured the laminates in a vacuumoven at
120 °C for the enhancement of the interlaminar properties [36]. Yokozeki et al used cup-stackedCNTs to charge
an epoxy resin and develop prepregs that were cured in an autoclave at 130 °C, obtaining improvements in
interlaminar fracture toughness [37].Wang et al produced prepregs by hot pressmouldingwithCF fabric and
manufactured composites by hot pressmoulding (150 °C) and post-curing in an oven (140 °C), reporting
improvements inflexural, tensile and fracture toughness properties of the CFRPby incorporating a
combination ofGNPs andCNTs at 1 wt.% [38]. Finally,Mannov et almanufactured prepregs containing
thermally reduced graphene oxidewith afilamentwindingmachine and cured them in an autoclave at 80 °C
(with a post-curing at 140 °C), obtaining laminates with an enhancement of the impact damage and higher
residual compressive properties [39]. Those studies probe that is possible to improve themechanical properties
by the addition ofGRMswhenusing prepreg technology, however they have been carried out at a laboratory
scale.

Great efforts from the EuropeanCommunity are being invested in developing scalable procedures in science
to transfer them to the industry [6, 15, 40, 41].Within this framework, and considering the potential industrial
benefits of the introduction ofGRM inCFRPs for the aerospace industry, this study aims to producemultiscale
CFRPs laminates with commercialmaterials, involving industrial partners and using industrial procedures in
every step of the process: from the production ofGRMs to thefinalmanufacturing ofmultiscale laminates. To
that end, three kinds of commercial GRMs have been selected as nanoreinforcements with the aimof evaluating
its potential application: graphite nanoplatelets (GNPs), graphene oxide (GO) obtained from in situ exfoliation
of graphite oxide and reduced graphene oxide (rGO). A 2wt.%of theGRMshave beenmechanically dispersed
in a solventless process in an epoxy resin and subsequently carbon fibre-reinforced epoxy prepregs (aerospace
grade) have been produced by a hotmelt process which, in turn, has been used to fabricate laminates cured in an
autoclave, obtaining three different kinds ofmultiscale laminates. A complete characterization of themultiscale
laminates is presented to evaluate the potential application and enhancements of the laminates produced. To the
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best of our knowledge, this is the first scientific paper exploring the use ofGRM-containing prepreg to produce
multiscale laminates using procedures already implemented in the industry.

2.Materials andmethods

2.1.Materials
Thematrix used formanufacturing the prepregs consists of amultifunctional basis Bisphenol A diglycidyl ether
(DGEBA) epoxy system (1.22 g cm−3) supplied byDelta-tech (Rifoglieto 60/a - int.1 55011Altopascio, Italy)
with a curing temperature of 180 °C.This resin, namedEM180, was used in Elmarakbi et alwork [42] (named as
‘resin B’). Unidirectional carbon fibre tape of aerospace grade T700G-12K (1.80 g cm−3 and FAW200 gsm)
provided by Toray Industries was chosen as the reinforcement.

Three different kinds ofGRMswere selected as nanoreinforcements:

1. GNPs, commercial graphite nanoplatelets produced by Nanesa (G2Nan), obtained by exfoliation of
graphite. Thismaterial was used as nanoreinforcement aswell by Elmarakbi et al [42].

2. GO (graphene oxide) was prepared by modified Hummers’method from graphite flakes [43] by Avanzare
for in situ exfoliation in the resin.

3. rGO (reduced graphene oxide) was obtained from the thermochemical reduction of the previous GO by
Avanzare [43].

Details of the different GRMsprovided by the suppliers are given in table 1. SEMandTEM images of the
threeGRMs are given in the Supplementary Information (SI) (figure S1)which is available online at stacks.iop.
org/MRX/7/075601/mmedia. A description of the techniques used for the characterization presented in table 1
can be found as well in the SI.

The number of layers of the graphenematerials (NG)was calculated by dividing themaximum theoretical
SSA of graphene by the experimentally determined BET SSA (NG=2630/BET) [42, 44]. The BET SSAof the
materials (table 1) is far below the theoretical value of fully exfoliated pristine graphene. Considering this factor,
theNG forGNP is higher than the value observed forGOand rGO. In addition, XPS analysis shows 0.9%of
oxygen forGNP, 30.6% forGO and 7.9% for rGO. This indicates that the graphite nanoplatelets are pristine and
could allowobtaining good electrical properties. GO and rGO, in turn, could present stronger interfacial
interactionswith the resin due to their high oxygen content.

2.2. Addition ofGRMs to the resin
The addition of theGRMs to the resinwas performed by theGRMs suppliers who optimized the processes to
obtain a good dispersion of them. Therefore, different processes were followed for the addition ofGNPs (by
Nanesa) and for theGO and rGO (byAvanzare) to the resin.

For themixing of theGNPs, the neat resinwas heated at 60 °C for 2 h to reduce viscosity up to 49 Pa·s [42].
Then, theGNPswere added slowly and gradually while being dispersedwithDisperlux cowless system (shaft
mixing) at 2000 rpm for 60 min. Then, therewas a second stage of homogenization and distribution of the
nanoparticles with a Silverson high shear batchmixer at 3000 rpm for 30 min. This system allows homogenizing
theGNPs by breaking the agglomerates formed during the initial drymixing.

TheGOwas dispersed in the resin using aDISPERMAT at 13.000 rpmwith a cowless helix for 20 min
(10 min+10 min to avoid the overheating of themotor due to the high viscosity of the resin). Then, a dip
ultrasonicationwas applied for 1 h by aH40 sonotrode (400W) for in situ exfoliation [42]. The rGO, previously
exfoliated, was dispersed into the resin using the samemethod as for theGO.

In this study the content of eachGRMadded to the resin is 2%byweight. In all the cases, viscosity was
evaluated to ensure that it was appropriate for the production of prepregs according toDelta-tech requirements.
The resin viscositymeasured at 60° degrees (pre-impregnation process temperature) showed viscosity
increments of 138, 26 and 18%when addingGNP,GO and rGO, respectively.

2.3. Epoxy-GRMcomposites production and characterization
Once theGRMswere added to the base of the epoxy resin, a small portion of the resinwas used for the evaluation
of theGRMsdispersion. The formulation of these resinswas finished by adding the catalyst and the hardener
andmixing. After completion of the formulation, the samples were cast and cured 2 h at 180 °C,with heating
rates of 1 °Cmin−1. For the SEMcharacterization, epoxy-GRMcomposites were cryofractured andwere studied
by SEMusing aHitachi S-2400microscope.
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2.4. Prepreg and laminate production
Once theGRMwas added to the base of the epoxy resin, the formulation of the resinwas finished adding the
catalyst and the hardener andmixing at 60 °Cusing a laboratorymixer under vacuum. Thismixturewas filmed
on silicon paper at the same temperature. Then, the fibres were impregnated by a hotmelt process at 65 °C [42],
resulting in prepregs containing a 34%byweight of resin, whichmeans a 0.68%byweight of the corresponding
GRM in the prepreg and a ply thickness of 0.2mm.An additional batchwasmadewith neat resin, to be used as a
control.

The laminate productionwas performed by FIDAMC. Several laminates with different stacking sequences
weremanufactured by hand lay-up of the prepregs with vacuum compaction (figure S2). All the laminates were
cured in an autoclavewith vacuumbag (figure S3) at 6–7 bars. The heating rate appliedwas 1 °Cmin−1 until
reaching 180 °Candmaintained for 120 min. The cooling rate was 2 °Cmin−1 (corresponding autoclave cycle
record infigure S4). Details about the different laminates configurations produced for specimen extraction can
be observed in the SI. The different laminates have been identified asCFRP for the reference, CFRP-GNP,
CFRP-GO andCFRP-rGO for the laminates having graphite nanoplatelets, graphene oxide and reduced
graphene oxide, respectively.

A total of 16 laminates weremanufactured and inspected using ultrasound technique. All the laminates
reached an energy loss lower than 6 dB, showing no void or delamination (figure S5). Details about this
technique are given in the SI.

2.5. Characterization of the laminates
2.5.1. Characterization of theGRMs dispersion in the laminates
As seen, several steps are performed for producing the prepregs and laminates containingGRMs. Itmust be
considered that the dispersion of theGRMs is presumablymodified during the last step of the prepregs
production, the pre-impregnation process by hotmelt process. Because of this, amorphological evaluation of
each laminatemanufacturedwas performed. Three samples (20×20mm2)were obtained from all the
laminates to evaluate themorphology and defects in polished cross sections with an opticalmicroscopeNikon
Eclipse LV150.

Similarly, to study the final dispersion ofGRMs in the laminates, SEM images of the fracture surfaces of the
coupons subjected to±45° tensile test have been performed by using aHitachi S-2400microscope.

2.5.2. Physicochemical characterization of the laminates
Thefibre, resin and void contents (Mresin, Vfibre, Vvoid)were determined by extracting the resin by sulphuric acid
digestion according to EN2564:2017methodA. To do that, three samples (10×20mm2) of each laminate with
a configuration [0]10 were tested. The density of each sample was determined by the immersionmethodwith an
analytical balanceMettler ToledoXP205Delta Range (ISO1183-1:2012MethodA).

The degree of cure (α)was characterized by differential scanning calorimetry (DSC)with a TA Instruments
DSCQ2000. Two samples of each laminatemanufactured and the corresponding uncured prepregs were tested
under non-isothermal conditions with a heating rate of 10 °Cmin−1 under a constant flowof nitrogen of 50
ml min−1, following ISO 11357-5:2013 standard.

Table 1.Main characteristics of theGRMs present in this study.Details about the characterization techniques can be found in the
Supplementary Information (SI).

GNPs GO rGO

GRMtype Nanoplatelets Graphene oxide Reduced graphene oxide

Average particle lateral size (μm)a 25 43 39

Average particle lateral size (μm)b 15–30 20–25 20–25

BET (m2 g−1) 30 562 780

AverageN° of layers (NG)
c 87.7 4.7 3.4

Average Flake thickness (nm)d 14 3 1

%Ox 0.9 30.6e 12f

a Measured using laser diffraction in solidD50.
b Measured by SEM.
c NG=2630/BET.
d Measured by TEM.
e Measured byXPS after dry: (C=O: 23%,C–O: 77%).
f Measured byXPS after dry (C=O: 35%,C–O: 43%).
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The glass transition temperature (Tg)was determined by dynamicmechanical analysis (DMA)with a TA
InstrumentsDMAQ800 (5 °Cmin−1 fromRT to 270 °C, 1Hz, 15μm) using a single cantilever clamp according
to EN6032:2015MethodA. Three samples of 35×10mm2 and lay-up [0]10 of eachmaterial were tested.

For studying the degradation temperature of the laminates, three samples with lay-up [0]10 of eachmaterial
were tested by thermogravimetric analysis (TGA)with a TGAQ50 fromTA Instruments. The samples were
heated under air at a heating rate of 10 °Cmin−1 from room temperature to 1000 °C (ISO 11358-1:2014).

2.5.3.Mechanical characterization of the laminates
Static tensile tests (ISO 527-1:2012)were carried out with a universal testingmachineMTS landmark 370.10
System and a load cell of 100 kN at speed 2 mmmin−1. A total offive samples (250×25mm2) of eachmaterial
were testedwith configuration [0]10, with 150mmbetween tabs. A longitudinal extensometer was used for
measuring strains, andfibreglass tabswere bonded to the samples.

Flexural tests in the 0° direction (EN2562:1997)were performedwith a universal testingmachine
AllroundLine Z01OTH fromZwick and a load cell of 10 kN tofive samples (100×10mm2)with lay-up [0]10 of
eachmaterial. Test speedwas 5mmmin−1, and distance between supports was 80mm.Apre-load of 5Nwas
applied andZwick deflectometer was positioned tomeasure deflections.

Interlaminar shear properties were evaluated using the short-beam three point bend test (EN2563:1997)
were performed aswell in thementioned Zwick system and load cell of 10 kN at speed 1mmmin−1 to six
samples (20×10mm2) of eachmaterial with configuration [0]10. The distance between supports was calculated
asfive times the thickness.

In-plane shear properties were studied by±45° tensile tests (EN6031:1995)were performedwith theMTS
370machinementioned and a load cell of 100 kN to six samples (230×25mm2)with lay-up [+45/−45]2s and
distance between tabs of 130mm. Longitudinal and transversal extensometers were used formeasuring strains.
Furthermore, scanning electronmicroscopy by using aHitachi S-2400microscopewas performed to the
fracture surfaces of in-plane shear coupons.

Mode I interlaminar fracture toughness tests (prEN6033:1995)were performedwith the Zwickmachine
and a load cell of 10 kN. A total of six samples (250×25mm2)with configuration [09/09] of eachmaterial were
testedwith a side clamped beamfix (SCBF) tool. A release filmwas positioned during the fabrication of the
laminates to act as artificial crack. The thickness edgewas painted inwhite, thenwith the help of amicroscope
the end of the insert (at∼40mm from the beginning of the sample), the end of the pre-crack (at∼50mm from
the beginning of the sample) as well as theminimum final distance that the crack should reach (at 110mm from
the beginning of the sample)weremarked. The pre-crackwas generated at a speed of 5 mmmin−1, while the
crackwas induced at a speed of 10mmmin−1. Finally,measurements of thefinal crack lengths generatedwere
takenwith the help of themicroscope.

2.5.4. Electrical characterization of the laminates
The effect of theGRMs in the electrical conductivity has been studied. Three samples (100×20mm2)with
configuration [0]10 of everymaterial and 2mmof thickness have been subjected to electrical resistance tests
along the in-plane direction ‘X/Y’ and six samples (40×40mm2) in the through-thickness direction ‘Z’. The
corresponding opposite faces - edges for ‘X/Y’ direction and surfaces for ‘Z’ direction - of the specimenswere
coatedwith a ®Pelco Silver Paint fromTed Pella Inc. to ensure good contact between them and the probes of the
multimeter. The test consists of injecting a direct electrical current into the specimen andmeasuring the voltage
decrease between the surfaces of the specimens through a four-probemethodwith aKeithley 2410 ohmmeter
fromKeithley Instruments, Inc.

To ease the operational feasibility of the tests, specific jigs were used for supporting the specimens. The jigs
present two brass side plates (electrodes) that ensure the electrical contact with the face of the specimens by
adjusting themwith a bolt at a constant torque.

For electricalmeasurements along the ‘X/Y’ direction, the Labtracer Sourcemeter 2.9 Integration Software
of Keithley Instruments, Inc., has been used to apply a voltage (V) sweep offive points between 104–105 volts.
On the other hand, for testing through the ‘Z’ direction, a sweep of intensity (I) offive points between 10 and 100
mAwas applied.

3. Results and discussion

3.1. Epoxy-GRMs composites characterization
TheGRMs agglomeration, dispersion and distribution in cryofracture samples of epoxy resin-GRMs
composites have been observed by SEM (figures 1(a)–(c)). In all the cases, agglomerates from10 to 20μmin
lateral size are observed. These agglomerates are composed of discrete particles of theGRMs stacked in the
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graphene plane. GNP agglomerates (figure 1(a)) shows aflat structure, however in the case of rGO awavy
structure is observed (figure 1(c)), attributed to the creation of defects during the oxidation and reduction
process. In the case of GOcomposite, hollow spaces between different agglomerates and the resin are observed
(figure 1(b)).

3.2. Characterization of the laminates
3.2.1. Characterization of theGRMs dispersion in the laminates
The opticalmicrographs of the laminates showmaterial integrity, parallel andwell stacked layers in all the cases
(figure S6). Details can be observed in figure 2, which shows opticalmicrographs at a highmagnification
(1000×). Some differences can be appreciated between the reference (figure 2(a)) and themultiscale laminates
(figures 2(b)–(d)). In themultiscalematerials, bright areas of 5 to 30μmare observed in the interlaminar region
(pointedwith arrows) suggesting the presence ofGRMs [30]. Although the average lateral size of theGO and
rGO is larger than that of theGNPs (table 1), the particles observed in themicrographs are smaller in theCFRP-
GOandCFRP-rGO than inCFRP-GNP laminates. This could be related to the presence of functional groups
which interrupt the sp2 carbon network leading towrinkling effects when they are subjected to shear or in-plane
compression, resulting in the deformation of the functionalized forms ofGRMs [17].

In all the cases the observed particles are found in the interlaminar region and the firstmicrometres of the
plies in themultiscale laminates, indicating that the size of the particles has hampered its penetration through

Figure 1. SEMmicrographs of the epoxy-GRMs composites: (a)GNP at 2000×, (b)GOat 1500×, (c) rGOat 1500×.White arrows
indicate the presence of theGRMs.

Figure 2.Opticalmicrographs at amagnification of 1000×of (a)CFRP laminate (b)CFRP-GNP laminate, (c)CFRP-GO laminate
and (d)CFRP-rGO laminate. Arrows indicate GRMpresence in the interlaminar region of the laminates.
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thefibres.However, infigure 2(c) (CFRP-GO laminates), the particles are isolated and not big groups of particles
have been found, while infigure 2(b) (CFRP-GNP laminates), a higher amount of particles concentrated in the
interlaminar region can be observed, whatmay indicate agglomeration ofGNPs. The particles in theCFRP-rGO
laminate (figure 2(d)) seem to be in an intermediate state, seeing some small agglomerates. This difference in the
dispersion of the nanoreinforcements among the samples could be due to the functional groups present in the
GOand rGO. The hydroxyl groups present inGO and rGO (in less quantity as indicated in table 1) increase the
electrostatic attractive interactions and hydrogen bondingwith the epoxy, enhancing the dispersion and
integration of the nanoparticles into the resin [17, 19, 45, 46]. On the other hand, theπ–π interactions and van

Figure 3. SEM images of the fracture surfaces of the coupons subjected to±45° tensile test of CFRP-GNP laminate at (a) 600×and (b)
4000×.

Figure 4. SEM images of the fracture surfaces of the coupons subjected to±45° tensile test of CFRP-GO laminate at (a) 600×and (b)
3000×.

Figure 5. SEM images of the fracture surfaces of the coupons subjected to±45° tensile test of CFRP-rGO laminate at (a) 600×and (b)
3000×.
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derWaals forces inGNPs togetherwith its higher size could prompt the formation of aggregates [28, 46], leading
toGNP-rich and -poor regions [47].

In addition, fracture surfaces obtained from the broken in-plane shear coupons have been observed by SEM
to study theGRMsdispersion in themultiscale laminates (figures 3–5 and S7(b)–(d)). The SEM images of CFRP-
GNPbroken coupon (figures 3 and S7(b)) showGNPs agglomerates and stacked discrete GNPparticles, with
sizes ranging from10 to 30μmbetween the plies. This would be in accordance with the previously observed
micrographs of CFRP-GNP laminates (figure 2(b)). Regarding theCFRP-GO coupon, it should be noted that it
was hard tofind evidences of the nanoparticles and just one regionwith agglomeratedGOparticles was observed
(figure 4). This failure region in the interplay shows similar stacking ofGOparticles (figure 4(b)) than the
observed in the epoxy-GO composite (figure 1(b)). Finally, some rGO agglomerates could be observed in the
CFRP-rGObroken coupon, however, theywere found between fibres (figure 5(b)), pointing to higher
penetration than in the case of theGNPs (figure S7(d), the arrows indicate graphene sheets). The rGO
agglomeration observed in the interplay (figure 5(a)) could be similarly explained to theGNPs agglomeration, by
the van deWaals forces andπ–π interactions between rGOnanoparticles, considering the restoration of the
graphitic network of sp2 bondswhen reducing theGO [46].

3.2.2. Physicochemical characterization of the laminates
Details about the calculationmethod of resinweight (Mresin),fibre volume (Vfibre) and void volume (Vvoid)
contents obtained from the acid digestion tests can be found in the SI. The results, shown in table 2, confirm that
thefibre and resin contents are in accordancewith the theoretical values (34%byweight of resin). Small
variation infibre content is observed from56.9% in the case of unfilled resin to 55.2% in theGO filled one. The
obtained void volume content is near 0%, in agreementwith the non-destructive inspection and the
microscopic analysis (figures 2 and S5 and S6)which showed no porosity (it should be noted that dark points
found in themicrographs are caused by the polishing procedure but they do not indicate the presence of porosity
in the laminates). These results indicate that it is possible to producemultiscale laminates with industrial quality
through industrial approaches.

The laminates degree of curewas calculated using the average residual curing enthalpy and the total enthalpy
of reaction from the corresponding uncured prepregs, as indicated in the standard. The results point to an
effective cure cycle where all the laminatesmanufactured presented a degree of cure higher than 97%.
RepresentativeDSC thermograms of eachmaterial are presented infigure S8.

Table 2.Results obtained in the physicochemical characterization of themultiscale andCFRP
laminates: resinweight (Mresin),fibre volume (Vfibre) and void volume (Vvoid) contents, glass transition
temperature (Tg-peak), decomposition temperature (Td).

Mresin (%) Vfibre (%) Vvoid (%) Tg-peak (°C) Td (°C)

CFRP 33.7±0.4 56.9±0.4 0.41±0.04 201.4±0.9 353.8±0.4
CFRP-GNP 34.6±0.5 56.1±0.6 0.14±0.05 200.1±0.3 353.0±1.1
CFRP-GO 35.4±2.0 55.2±2.2 0.18±0.02 200.9±0.8 355.4±1.4
CFRP-rGO 35.1±1.1 55.5±1.1 0.26±0.12 201.1±0.7 355.2±1.3

Figure 6.Representative DMA thermograms obtained forCFRP, CFRP-GNP, CFRP-GO andCFRP-rGO laminates.
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From theDMA thermograms obtained (figure 6), the glass transition temperature was analysed as the peak
(Tg-peak) of loss tangent (tan δ). A similar result was obtained for the different laminates taking into account the
standard deviation of the results (table 2). This behaviour has already been reported by other researchers in
multiscalematerials [35, 48]. Adding functionalized nanoreinforcements into epoxymatrices could activate
severalmechanisms thatmight contribute to either decrease or increase the Tg simultaneously [49]. In this case,
theGRMs are not functionalized but two of them (GOand rGO) present a high oxygen content that could
interact with the epoxy resin leading to a non-stoichiometric balance in the resin and creating covalent bonds
between it and the nanoparticles, which could decrease and increase the Tg respectively. In the case of theGNPs,
with very low oxygen content, the two opposite effects could be related to the presence of agglomerates acting as
defects and the steric hindrance that could reduce thematrixmobility, thus increasing the Tg (also could be
applied toGO and rGO). The shape of the storagemodulus and tan δ curves was similar for all the laminates,
indicating that the polymer network formed is the same.

The TGA thermograms obtained (figure S9) showed similar shape, indicating no significant differences in
the decomposition process. Thefirst weight decrease (onset between 250 °C and 400 °C)was analysed and
considered the beginning of the thermal degradation process. All the laminates presented a similar
decomposition temperature (Td)with an increase of∼1 °C for theCFRP-GO andCFRP-rGO laminates
(table 2), negligible considering the standard deviation of the results. Authors stated that an increment in the Td

can be caused by the tortuous path effect, based on the barrier effect triggered by the nanoparticles, inwhich the
entrance of oxygen is limited and the elimination of the volatile products delayed [50]. However, this effect
depends on the quantity, exfoliation and dispersion of theGRMs into the resin [51], resulting in studies inwhich
this effect is negligible [52] as in our case, where no effects can be appreciated due to the lownumber of
nanoparticles (0.68wt.%) inside the composite samples.

3.2.3.Mechanical properties of the laminates
Abroadmechanical characterization of the differentmultiscale laminates was performed to analyse the effect of
theGRMs in itsmechanical behaviour. Tensile, flexural, interlaminar shear, in-plane shear andMode I
interlaminar facture toughness properties have been evaluated. Details about the calculationmethods used are
given in the SI.

Figure 7.Mechanical results obtained for CFRP, CFRP-GNP, CFRP-GO andCFRP-rGO laminates: (a)flexural and tensile strength,
(b)flexural and tensilemodulus, (c) in-plane shear and interlaminar shear strength, (d) in-plane shear and interlaminar shear
modulus.
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Regarding the tensile tests, hardly any differences could be observed between the results obtained for the
multiscale laminates compared to those obtained for theCFRP laminate (figures 7(a) and (b)). It should be noted
that the tensile tests were performed in the 0° direction, whichmeans that these properties are highly dependent
on theCF behaviour. Considering that the CFs constitute 56%of the volume of the samples, the contribution of
theGRMs (0.68wt.%of the sample) is very small, which could explain the behaviour of CFRP-GO andCFRP-
rGO laminates. However, when looking at the CFRP-GNP laminate, a decrease of 11% in the tensile strength is
observed. In addition, the deviation obtained in thismaterial (20%) is considerable higher than the deviation
obtained in the other laminates (4%–5%), indicating that some coupons broke prematurely (figure S10). This is
could be caused by the aggregates observed in figures 3 and S8(b), which act as crack nucleators, prompting an
early failure. Several authors report analogous behaviours; Yokozeki et al obtained similar results in tensile tests
for CF-epoxy compositesmanufactured fromprepregs with 0% to 5%of cup-stackedCNTs [37]; Ashori et al
observed a detriment to the tensile properties when addingmore than 0.3wt.%of functionalizedGO [53]; and
Gojny et al did not perceive either a difference in the tensile strength or Young’smodulus of CFRPwith a 0.1%of
CNTboth in the 0° and 90° directions [54]. Representative failuremodes of each laminate can be observed in
figure S11where no differences are appreciated.

Flexural properties, in the sameway, are sensitive primarily to volume fraction andmechanical properties of
the CFs [55]. Results obtained are presented infigures 7(a) and (b), showing thatmultiscale laminates behave
similarly to the non-nanoreinforcedCFRP ones.No differences were appreciated neither between their failure
modes (figure S12). Similar results were obtained byQuin et al for CF-epoxy compositesmanufactured by a
prepreg lay-upwith non-coated andGNP-coatedCFs [55]; also by Siddiqui et al and Inam et alwhen adding
functionalizedCNT toCF reinforced epoxy composites [35, 48] and byKamar et alwhen addingmore than 1wt.
%ofGNPs [56]. In this case, the deviation obtained inflexural strength in theCFRP-GNP laminate is within
normal (4%) and no detriment in strengthwas observed. This difference with respect to the results obtained in
tensile tests for CFRP-GNP laminates (despite of both being dependent on theCF behaviour), can be explained
by the difference in stress distribution in both tests. In tensile tests, thewhole coupon is subjected to a uniform
stress condition; while inflexural test the distribution of stress is not constant, being themaximum in the section
immediately under the roller (figure S13). Considering this, the probability of finding a defect (aggregate) that
lead to a premature failure of the coupon is considerably higher when subjecting a coupon to a tensile test, being
therefore the tensile testmore sensitive to a poor dispersion of the nanoreinforcements.

On the other hand, the interlaminar shear strength (ILSS) andmodulus have been obtained (figures 7(c) and
(d)). Interlaminar shear tests inCFRP laminates usually prompts failure at the interply, as it is a resin rich region,
where thematrix-fibre interactions andmatrix properties play a key role [15, 57]. In this case, CFRP-rGO
laminates presented 3%of improvement in strength compared to theCFRP laminate, whatmight indicate an
enhancement in the interfacial adhesion [55, 58, 59]. The fact that the improvement is just seen in theCFRP-
rGO could be related to the higher percentage of carboxyl groups (table 1), as the graphene-C=O/epoxy system
present higher interface attraction than graphene/epoxy or graphene-OH/epoxy system [60]. The fact that
CFRP-GNP laminate does not show a decrement in strength due to the presence of agglomeration could be due
to the lowGRMcontent, poor dispersion and the stress distribution in the tests (like theflexural test, figure S13)
as explained above. This could explain as well the shy increment observed for CFRP-rGOand the ‘no effect’ in
CFRP-GO laminate. Figure S14 shows the representative failuremodes, where a secondary failuremode by
flexionwas observed for some coupons,mainly inCFRP-GNP laminate, which could indicate the presence of
aggregates as observed infigures 3 and S7(b).

Regarding the±45° tensile tests, the CFRP-GO laminate showed an increase of 6.5% in in-plane shear
strength (IPSS) and 2.6% inmoduluswith respect to theCFRP laminate (figures 7(c) and (d)). These are
complex tests inwhichmatrix-dominated properties are evaluated [61, 62]. The affinity of the hydroxyl groups
of theGOand the polar groups of the epoxy has been proved to improve the dispersion of the
nanoreinforcements [19, 21], whatmight have led to an enhancement of the stress transfer among the composite
[21]. On the other hand, CFRP-GNP andCFRP-rGO laminates present penalties of 9%and 12% in IPSS,
respectively. As explained before, this test (tensile) entails a uniform stress distribution thatmakes it sensitive to
the presence of aggregates (figure S13), indicating that GNP and rGOcould be aggregated or bad distributed
(GRMpoor- and rich-regions) as seen in figures 3, 5 and S7(b) and S7(d).

Fracture surfaces of these couponswere already shown in section 3.2., where a difference in the fracture
morphology between theCFRP (figure S7(a)) and themultiscale laminates (figures 3–5 and S7(b)–(d))was
observed. Figure S8(a) shows a slight hackle pattern in the resin indicative ofmixedmode fracture and some
cleanfibres can be seen.On the other hand, a rougher surface is appreciated in theCFRP-GNPbroken coupon
(figures 3 and S7(b))wereGNP agglomerates were observed. Figure S8(c) showed a similarmixed failuremode
to that observed for theCFRP (Figure S7(a)), however, the roughness foundwithin the fibre prints (indicated in
black circles) could be indicative of a goodmatrix/fibre interaction [23, 53, 63].
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Moreover, to characterize the delamination behaviour of themultiscale composites,mode I interlaminar
fracture toughness tests were performed. The fracture toughness (GIC), is the parameter used tomeasure the
delamination resistance [13]which, in this case, has been calculated by the AreaMethod (area inside the curve
divided by cracked area) [64]. In addition, the fracture toughness corresponding to the last crack propagation
point -corresponding to a crack length around 62mm- (GIC, prop-MBT) has been calculatedwith theModified
BeamTheory (MBT)method, according to the ASTMD5528-01 standard. The results, together with the
maximum load reached for each laminate, can be seen in table 3. Regarding theCFRP-GNP laminates, they
present a decrease of 16%and 11% for bothGIC values and 4% inmaximum load achieved. These results are in
accordancewith the previously described (flexural, tensile, IPS), where theGNPs seem to be agglomerated and
poor distributed, acting as paths for the cracks to propagate effortlessly [36]. Otherwise, CFRP-GO andCFRP-
rGO laminates present an enhancement of the fracture toughness of 6 and 9% correspondingly when analysing
the last propagation point. In addition, themaximum load achieved inCFRP-rGO laminate is 4.5%higher than
the non-chargedCFRP laminate. The observed enhancement could be related to a crack deflectionmechanism,
where the nanoreinforcements act as crack arresters [65, 66]. This could explain the increment in themaximum
load reached at the beginning of the tip propagation, where the epoxy resin has not still established the full
interactionwith theCFs [36]. In addition, when looking at the representative load versus displacement curves
(figure S16), a change in the curve roughness respect to theCFRP laminates could be appreciated, whatmight
indicate unstable crack growth due to the presence ofGRMs [48]. This behaviour is accentuated in theCFRP-
GNP laminate, inwhich a stick-slip failuremode is found (figure S16), whatmay be caused by the presence of
agglomerates. Representative pictures of the failuremodes are shown infigure S17.

3.2.4. Electrical conductivity of the laminates
Considering that thesematerials have a linear electrical behaviour, the slope of every Intensity-Voltage curvewas
calculated by the least-squaresmethod, obtaining the electrical resistance of every panel by theOhm’s Law. The
results displayed infigure 8 indicate the electrical conductivity for eachmaterial, calculated considering the
sample dimensions. The electrical conductivity along the ‘X/Y’ direction (in-plane) does not present significant
changes between thematerials. This behaviour is expected considering that the electrical conductivity along the
‘X/Y’ direction is dominated by the orientedCFs (with 103–106 S m−1) [67] that create conductive pathways
along the plane, explaining the exhibited anisotropy of this property between ‘X/Y’ and ‘Z’ (trough the
thickness) directions aswell. Regarding the results obtained in the along the ‘Z’ direction, the CFRP-GNP
laminates show an increment of 227%,which seems to indicate that GNPs percolate forming conductive paths

Figure 8.Conductivity results formultiscale laminates andCFRP laminates for the in-plane (‘X/Y’) and through thickness (‘Z’)
directions.

Table 3.Maximum load, strain energy release rate at propagation point (GIC, prop—MBT) and
critical strain energy release rate (GIC) results obtained in fracture toughness tests for CFRP
andmultiscale laminates.

CFRP CFRP-GNP CFRP-GO CFRP-rGO

MaxLoad (N) 56±3 54±5 56±3 59±2
GIC, prop—MBT (J m

−2) 346±35 309±9 366±17 376±21
GIC (J m

−2) 210±13 176±8 204±8 208±14
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betweenfibres and nanoparticles [52, 68]. On the other hand, the CFRP-GOpresents a reduction of 37% and
CFRP-rGOof 21%, explained by themodification of theGRMs,which implies structural changes that cause a
detriment in the electrical conductivity of theGRMs,with the laminate containingmore oxygen beingmore
insulating.

4. Conclusions

Multiscale CFRPs, with epoxymatrix and aeronautical grade carbon fibre, containing three differentGRMs have
been successfullymanufactured by prepreg hand lay-up and autoclave curing using standard procedures
implemented in the industry in every step of the procedure: from the production ofGRMs to thefinal laminates.
In addition, themultiscale laminatesmanufactured showed the quality was as good as the laminate without
GRMs, as seen byC-Scans, opticalmicroscopy and acid digestion tests where negligible void content and no
delaminationwas appreciated.

A complete characterization has been performed to evaluate themultiscale laminates and different
behaviours could be observed. In general terms, themultiscale laminates containingGNPs have shown
detriments regarding to themechanical performance in comparison to the non-filled CFRP laminate, probably
caused by a bad dispersion of the nanoparticles causing aggregates. Otherwise, electrical conductivity along the
thickness direction is improved for CFRP-GNP laminates a 227%.On the other hand, theCFRP-rGO laminates
seem to have lightly enhanced thematrix-fibre interface but probably a bad distribution of the nanoparticles
impeded obtaining higher improvements. Finally, GO seem to be better integrated resulting in an improvement
of thematrix and therefore in-plane shear properties and delamination resistance.

The full industrialmanufacturing of themultiscale composites provides a step forward to the application of
this technology into the industry. However, the discrete results obtained indicate that the dispersion strategies of
GRMswithin prepregs have to be optimized andwork need to be done in order to understand how the pre-
impregnation technique influences this dispersion.
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