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The present work examines the effect of incorporating two different concentrations, 0.1%

and 0.25%, of silane-functionalized graphene nanoplatelets GnP-GPTMS onto the carbon

fiber  surface of a quasi-isotropic laminate with the aim to enhance both, the laminate

in-plane and the bearing strength, in a pin-loaded joint. Delamination damage modes asso-

ciated with high-stress gradients were also suppressed in the in-plane loaded laminates,

significantly increasing load-carrying capability. The bearing strength of a pin-loaded hole is

correlated to the tensile, compression, and shear properties. The results showed an improve-

ment of 13.8% in tensile strength for the 0.1% GnP-GPTMS concentration, as well as 17.3%

for  compressive strength, while for shear strength, the improvement was 11.89% for the

laminate. On the other hand, the behavior of the material in the pin-loaded joint showed

an  increase of 10.83% for the bearing strength with the 0.1% GnP-GPTMS, fiber surface treat-

ment. Distinct differences were noticed between the tensile stress-loaded area and the area

of  the residual impression of the pin in the failure mode between the only-resin treated

carbon fiber composites and GnPs treated fibers. It was evident, that the interfacial shear

strength (IFSS) played an important role on the failure mode. In the compression area in the

pin-loaded region, there was a marked presence of a permanent deformation in the matrix.

With  a closer look at the local failure phenomena at the compression loaded area, there

was  no fiber kinking and the degree of matrix plasticity disappeared according to the level
of  interfacial adhesion.
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1.  Introduction

A known limitation of advanced composite materials is the
poor strength because of the unreinforced resin-rich regions
at ply interface where delamination, matrix cracking are
the dominant damage modes. The ensuing issues such as
damage resistance and tolerance for over-design are out-
standing limitations in composite structural performance.
Several approaches used to reinforce these composites in the
through-thickness direction included 3D weaving, stitching,
and Z-pinning [1–4]. However, because of stress concen-
trations that reduce the in-plane mechanical properties of
the laminate, in-plane fiber movement  and/or damage, fiber
volume loss arising during manufacturing, use of these tech-
nologies has decreased [5].

More  recently, interphase engineering of multi-scale hybrid
advanced composite materials witnessed an unprecedented
progress. Incorporation of nanofillers into sizing formulations
was pushed forward broadly by three main reasons. First, to
enhance the surface roughness of the fiber, second, to increase
the local modulus of the interphase and hence, the interphase
shear strength, and finally, to exploit the possible structuring
of nanofillers for sensing applications [1].

The stress transfer and distribution of the carbon
fiber/epoxy interfase was improved by introducing a gradient
interphase reinforced by graphene oxide (GO) onto the surface
of carbon fibers by physical adsorption, during the procedure
of resin wetting. They found that hierarchical composites con-
taining 0.5% (w/w)  silanized GO showed a significant increase
of 60% in IFSS, and 19% in interlaminar shear strength, 15%
in flexural strength and 16% in flexural modulus [2]. Fang
et al. [3], showed that with the addition of 0.6 % (w/w) amine-
functionalized graphene nanoplatelets (GnPs), the resulting
composite exhibited improvements of 93.8% in fracture tough-
ness and 91.5% increases of flexural strength. The basic
learning from all these studies was that the huge surface area
of carbon nanotubes, carbon nanofibers and graphene can be
exploited to enhance the specific surface area of the reinforc-
ing fiber, provided that a covalent bond can be assured.

Carbon nanotubes have also been widely used to improve
the mechanical properties of composite materials such as
interlaminar shear strength, fracture toughness and, impact
properties [4,6,7]. It has been shown that the efficiency of
transfer of interfacial shear stresses is highly influenced by
the type of fiber surface treatment used to deposit multi-
walled carbon nanotubes (MWCNTs) on the surface of the
carbon fiber, achieving an increase of more  than 40% of IFSS
when the carbon fibers were oxidized-pre-impregnated with
a suitable coupling agent [8,9]. The use of graphene-related
materials to modify the surface of carbon fiber fabrics has
also been reported in the technical literature [10–13]. Graphene
nanoplatelets have been incorporated in a matrix and dif-
ferent processes have been used in the manufacture of the
material to improve the orientation of the graphene in the
nanocomposite. When used as a coupling agent between
the silicon reinforcement in an epoxy matrix at the inter-

face, the graphene that was anchored on the surface of the
silicon resulted in an increase of the elastic and flexural mod-
uli [14,15]. Grafting of amino-functionalized graphene oxide
 0 2 0;9(6):13855–13869

directly onto the carbon-fiber surface by covalent bonding
resulted in a 36.4% increase of the IFSS and the impact resis-
tance of the composite material improved by 45% [16–21].

All these attempts to place either GnPs or carbon nan-
otubes (CNTs) onto the fiber surface, achieved through
physico-chemical fiber surface modifications substantial
increases of fiber-matrix interphase strength and elementary
mechanical properties such as tensile, compressive, flexu-
ral and toughness. Nanoscale fibers such as CNTs have been
introduced into the polymer matrix-region interphase to rein-
force the laminate [22]. Other reports with CNTs and other
nanomaterials have either focused solely on the interlami-
nar area, or the dispersion of small quantities (by volume)
of unaligned CNTs within the matrix via mixing or other
methods for intralaminar reinforcement. However, because
of issues such as agglomeration, lack of alignment, poor dis-
persion, and damage to CNTs during mixing, only marginal
mechanical property improvements were observed for hybrid
composites when CNTs were mix  into the bulk matrix [23].

Structural applications of advanced composite laminates
generally use mechanical joints such as bolted and riveted
joints requiring holes in the composite structure. These holes
are highly susceptible to large stress concentration, which
reduce the load-carrying capacity and are often responsi-
ble for unexpected composite failure. Furthermore, failure of
mechanical joints in composite structures is influenced by
different geometric parameters like stacking sequence, geo-
metric parameters, ply orientation, interference fits, preloads,
material properties, etc. Regarding the material properties,
several researchers have used nanofillers to increase the
bearing strength of the pin joints. The effect of MWCNTs con-
tent on the pin joints prepared from carbon fiber reinforced
composite laminates was studied both experimentally and
numerically by Kumar et al. [24]. Garcia et al. [23] grew CNTs
on a Si substrate using C2H4/H2 atmospheric pressure thermal
chemical vapor deposition (CVD), and they transfer-printed
the VACNTs to prepregs before manufacturing the composite
laminate. The CNT forest maintained vertical alignment after
transplantation and reported preliminary enhanced results of
Mode I and II toughness tests on glass fiber reinforced compos-
ites. Using the same 3-dimensional reinforcement approach,
Wicks et al. and Guzman de Villoria et al. [25,26] reinforced
the z-direction with aligned CNTs at the interface between
FRP plies, a region well known as a ‘weak link’ in laminated
composites which is devoid of fiber reinforcement and fails via
various modes, primarily delamination and matrix cracking.
They showed that laminate in-plane strengths increased and
the delamination damage modes associated with pre-ultimate
failure are suppressed in the in-plane loaded laminates,
significantly increasing load-carrying capability and critical
strength by 30% of tension-bearing tests.

There are reports on the use of nanofillers such as Al2O3,
nanoclay and TiO2, which enhanced the ultimate bearing loads
of the pin joints. However, none of them have examined the
effect of graphene nanoplatelets on the load-bearing capacity
of the fiber-reinforced composite pin joints. Additionally, the

effect of graphene nanoplatelets adhesion to both the fiber
surface and the matrix polymer on the pin joint performance
has not been reported to the best of our knowledge [27–31].
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Table 1 – Specifications of the pristine graphene oxide
nanoplatelets.

Category Diameter
(�m)

Thickness (nm) Specific surface area
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by the surface treatments and the composition. A scanning
GnP-C750 < 2 5-7 ∼ 750

The state of stress in the vicinity around the pin-loaded
ole is complex, especially at points located close to the
oundary of the hole, where the stress components show
teep gradients. There are tensile stresses in the ligament
reas in the direction of the applied load, on both sides of
he hole which are the regions of tensile failure; compres-
ive stresses along the line located below the hole parallel and
ollinear with the vertical diameter of the hole, which is the
ite where bearing failures can occur; and shear stresses along
he vertical lines tangent to the hole, which are the locations
f shear-out failures [32–35].

In this work, the inclusion of GnPs on the fiber-matrix
nterphase to enhance the mechanical properties of a quasi-
sotropic carbon fiber-epoxy matrix composite, especially
he load-bearing properties required in a pin-loaded joint
as studied. The effect of the adhesion at the fiber-matrix

nterphase of silane-functionalized graphene nanoplatelets
nP-GPTMS for two different concentrations, 0.1% and 0.25%,

o increase the in-plane and z-direction strengths of a quasi-
sotropic laminate was analyzed. The deposition of GnPs on
he carbon fibers was performed using a mixture that was
pplied directly to the fiber prior to composite preparation.
ifferent mechanical tests were performed to determine the
roperties of the material under tensile, compressive, shear,
nd bearing loads, as a function of GnPs content. Also, the
ensile stresses in the ligament, compressive in the bear-
ng region, and shear-out of the joint were correlated to the
trength values measured in each individual loading mode.

.  Material  and  methods

.1.  Materials

he diglycidyl ether bisphenol A aromatic epoxy resin
DEGBA, DER331), with an equivalent epoxy weight of
82−192 g/eq, was purchased from a subsidiary of the Dow
hemical Company. The carbon fibers were acquired from
ika-Wrap model 301C unidirectional with a specific sur-
ace area of 300 ± 15 g/m2. GnP-C750 Graphene nanoplatelets
ere obtained from XG Sciences in Lansing, MI,  E.U.A.
nd their specifications provided by the manufacturer
re listed in Table 1. 3-glycidyl-oxypropyl-trimethoxysilane
Z6040, 236.34 g/mol), acetone and ethylenediamine (1, 2-
iaminoethane, ≥ 99%, Aldrich) as a curing agent, were all
rom Sigma Aldrich.

.2.  Carbon  fiber  oxidation  treatment

or the oxidation treatment of the carbon fibers a mixture of

ulfuric acid/nitric acid concentrated in a ratio of 3:1 (v/v) was
sed together with sonication in an ultrasonic bath (Branson
8800H at 40 kHz) at 60 ◦C for 15 min. Then, the unidirectional
;9(6):13855–13869 13857

fabric was removed from the ultrasonic bath and washed until
the pH of the fiber was equal to that of distilled water [36]. The
fibers were then dried at 100 ◦C for 2 h in the oven, as indicated
in Fig. 1a.

2.3.  Functionalization  of  the  graphene  nanoplatelets

35 mg  of GnP-C750 were weighted and dispersed in 100 mL  of
distilled water using an ultrasonic tip at 60 W,  with a 30:30
pulse ratio for 30 min. This suspension was heated to 50 ◦C
on a heating plate and stirred continuously with a magnetic
bar and 1 mL of 3-glycidyl-oxy-propyltrimethoxysilane (Z6040)
was added. The recorded pH of the solution right after addition
of the silane coupling agent was 5.0.The solution was heated to
70 ◦C and left under stirring for 12 h and filtered after that using
a sintered vessel with a 0.25 �m filter. The pH was measured
again and no change was noticed. The paste obtained from the
filtrate was washed with 10 mL  of ethanol and dried at 50 ◦C
for one hour (see in Fig. 1b).

2.4.  Composite  material  preparation

The unidirectional carbon fiber fabric was cut into rectangles
of 27cm × 23cm in the 0◦, 90◦, ± 45◦ directions, to form a quasi-
isotropic laminate [0◦, 90◦, ± 45◦]s with a total of 8 layers. For
the deposition of functionalized graphene (GnP-GPTMS) on the
unidirectional fabric, two different mixtures of acetone with
GnP-GPTMS, epoxy resin and catalyst, one with 0.1 % (w/w)
and the second with 0.25 % (w/w) weight percentages of GnP-
GPTMS were prepared. The GnP-GPTMS were first dispersed in
acetone using an ultrasonic probe for 1 h with a pulse ratio of
10: 5 s and a power of 30 W.  Next, 4% (w/w) of the epoxy resin
was added with continuous magnetic stirring for 10 min  on a
heating plate. When the resin was dissolved, the catalyst (6.9
% (w/w) with respect to the resin) was added and left for 5 min
under stirring. For the deposition of the nanomaterial on the
fibers, the mixture was applied to the unidirectional fiber fab-
ric using a brush (see Fig. 1c), and the fabric was immediately
dried for 150 s at 100 ◦C to evaporate the solvent [ [20]], [37]]
[38],]. A stoichiometric ratio of 100:13.8 of epoxy resin and cat-
alyst was used for the hand lay-up manufacturing process of
the laminate. The fibers were impregnated with the resin and
placed in the mold followed by the peel ply, the perforated
release film, the breather material and the system was closed.
Vacuum was applied to the bag together with an external pres-
sure of 74.5 kPa and kept for 2 h (see Fig. 1d). The laminate
was left at room temperature for 24 h and then post cured for
2 h at 120 ◦C. A reference laminate without any GnP-GPTMS
was prepared following the same manufacturing and curing
procedure.

2.5.  Fiber  surface  multielement  analysis

Carbon fiber fabric and GnP-GPTMS were analyzed by scanning
electron microscopy (SEM) and by dispersive X-ray spec-
troscopy (EDS) to study changes of their morphology, caused
electron microscope, JSM-6360LV (JEOL USA) was also used to
perform the EDS. The acceleration potential was 20 keV for
the GnPs images at magnifications of 500x and 40,000 ×. For
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Fig. 1 – Schematic process of a) carbon fiber oxidation, b) functionalization of nPG-C750, c) incorporation of the GnP-GPTMS

mixture and d) rolling.

the images of the fibers, magnifications of 10,000x and an
acceleration potential of 20 keV were used.

2.6.  Infrared  spectroscopy  FTIR

The FTIR analysis of the GnPs and carbon fiber samples was
carried out with a Bruker FT-IR 37 spectrometer using total
attenuated reflectance (ATR-FTIR) mode with 1 cm−1 resolu-
tion and 32 scans for both samples in the wave  number range
from 4000 to 400 cm−1.

2.7.  Carbon  fiber  topography  analysis

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were used to study the morphology changes
caused by the GnP-GPTMS treatments. A field emission scan-
ning electron microscope (FE-SEM, JSM-6700 F) was used at
5 kV to observe the presence of GnPs on the carbon fiber with
magnifications of 5000x and 20,000 × . The samples were fixed
on the sample holder using copper tape; no conductive coating
was applied to the samples.

The roughness maximum (Rmax) and the surface area
changes resulting from the treatments of the carbon fiber
surfaces were obtained using a Bruker Atomic Force Micro-
scope (AFM), model INNOVA SPM using a tapping mode. The
images were obtained at air atmosphere at ambient temper-
ature using a cantilever beam shaped commercial silicon tip
with a resonance frequency of approximately 300 KHz. This
tip was the Bruker RTEST nanoprobe with a spring constant
of 40 N/m and a tip radius of 8 nm.  The scanning frequency of
0.5 Hz was used to scan 3�m × 3�m random areas.

2.8.  Mechanical  testing

All mechanical tests were performed on a Shimadzu Model
AGS-1 Autograph universal testing machine at 25 ◦C using a
100 kN load cell. For the tensile and mechanical joint tests a
crosshead speed of 2 mm/min  was used. For the compression

samples a load cell of 20 kN was used at a speed of 1.5 mm/min.
For the tensile tests, 5 specimens for each type of carbon sur-
face treatment were tested. In the case of the compression,
shear and mechanical fastening tests, six specimens for each
carbon surface treatment were tested. All samples were con-
ditioned at 25 ◦C and a relative humidity of 50 % for 48 h prior
to testing. Sample dimensions for the mechanical tests are
shown in Fig. 2.

2.8.1.  Tensile  test
The tensile properties of the quasi-isotropic composite mate-
rials were determined according to the ASTM D3039 standard
[39]. Strains were recorded using a 25 mm gage length exten-
someter and tabs were placed at the ends of the specimens.

2.8.2.  Compression  test
The compression properties were determined as indicated in
the ASTM-D3410 standard using the IITRI accessory [40]. Tabs
made of phenolic plates were placed on the specimens to pre-
vent buckling of the sample and to ensure that failure of the
material occurred in the calibration length.

2.8.3.  Shear  test
The shear tests were performed using the Iosipescu accessory
according to ASTM-D5379 [41]. The specimens were cut using
a vertical milling machine with a prismatic milling cutter. Tabs
were placed at the ends of the specimens to strengthen and
stabilize the sample by increasing the thickness locally in the
grip region, thus minimizing local bearing failures in the grip
region of the accessory and to reduce the possibility of torsion
of the specimen.

2.8.4.  Pin-loaded  joint  strength
This experiment allows assessing the effect of the inclusion
of the GnPs in the enhancement of the joints and their failure
modes under tensile loads that can usually occur in four dif-
ferent basic modes, namely, due to tearing, tensile failure in
the effective net section, shear failure and bearing failure. In
particular, for a sufficient end distance e and width w in joint
laminates, there is generally a dominant failure mode con-
sisting of a local compression laminate failure induced by the
tendency of the pin to crush the composite material, with local

occurrence of cracks in the matrix [3]. Bearing failure is char-
acterized by high compressive stress values within the zone
surrounding the loaded inner hole boundary, and it is a grad-
ual and progressive failure mode of non-catastrophic nature
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ig. 2 – Dimensions of the specimens a) tensile test, b) comp

25]. The bearing test was performed according to procedure
 of the ASTM-D5961 standard [42]. The bearing strength �b

as calculated using the following equation:

b=P/Dht (1)

Where Dh is the diameter of the hole, t is the thickness
f the specimen and P is the force applied to the specimen.
he tensile stress in the ligament area �tl of the specimen was
stimated using the following equation:

tl= P/(W-Dh)t (2)

Here W is the width of the specimen. The shear-out stress
as estimated using the following equation:

out= P/2et (3)

Where e is the longitudinal distance from the center of the
ole to the end edge of the sample (see Fig. 2d)

.9.  Acoustic  Emission  Monitoring  of  tensile  test  and
earing  strength

wo piezoelectric transducers were used to monitor the acous-
ic emissions (AE). The distance between these transducers
as set at 70 mm apart on the tensile test specimens. For the

oint tests, the transducers were set at 15 mm apart on the lig-
ment area, that is, on the tensile stress loaded area around
he hole; to ensure good contact between the transducers and
he material, vacuum silicon grease was used. A threshold of
0 dB generally used in most fiber-reinforced composites was

et to observe the AEs [43,44]. The AE were processed using
he Micro 11 PCI-2 acoustic emission system. The wave  veloc-
ty for each formulation of composite material was obtained
y the Hsu-Nielsen technique consisting on breaking a pencil
on test, c) Iosipescu shear test, and d) pin-loaded specimen.

graphite tip over the tested sample; this test indirectly cal-
culates the velocity of acoustic wave  propagation through the
specimen material. When recording AE in the tensile tests, the
composite material samples were not loaded to failure.

3.  Results  and  discussion

3.1.  ATR-FTIR  for  GnP  and  carbon  fiber

Fig. 3a shows the FTIR spectra of both, pristine and silanized
GnPs and the functional groups can be observed qualita-
tively. Comparing the spectra of graphene and silanized
nanoplatelets, the appearance and loss of bands in the FTIR
spectrum indicate the presence of silane on the graphene
structure. The presence of the band 3483 cm−1 denotes the
appearance of the −OH stretching bond, the band at 1767 cm−1

shows the existence of the group C O stretching bond, the
peak 1594 cm−1 indicates the stretching bond of the C C
group. This is a characteristic sp2 signal since the manufac-
turing processes of these nanoplatelets are non-oxidative. The
peak in 1240 cm−1 denotes the torsion bond of the -C−OH
group [19,38]. In the spectrum of the silanized graphene, the
appearance of two peaks at 2956 cm−1 and 2874 cm−1, (stretch-
ing) and at 775 cm−1 (rocking) suggests the presence of the
−CH2 group [45,46]. Also, the carbonyl group C O characteris-
tic peaks at 1747 cm−1 and 1594 cm−1 [47] and of the SiO group
at 1136 cm−1 and 917 cm−1 [44,45] can be appreciated.

Fig. 3b shows the spectrum of the pristine and oxi-
dized carbon fibers, the pristine fiber shows a broad peak
at 3068 cm−1 representing the stretching of the CH group
of the epoxy rings, the peak at 1531 cm−1 and 1281 cm−1

show the presence of the CO group respectively in flexion

and stretching, and the 1115 cm1 peak shows the double
C C bond due to the epoxy [47,48]. For the oxidized fiber,
the band 3068 cm−1 has to disappear while the presence of
the peak in 2913 cm−1 of the CH group is observed. The
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Fig. 3 – FTIR spectra of a) graphene nanoplates and b)

concentration of 0.1%, and it is attributed to a better distri-
carbon fiber.

appearance of peaks in 1625 cm−1, 1427 cm−1 and 1209 cm−1

show the presence of the C O ketone group with stretch-
ing and torsion movements in the fiber due to oxidation,
finally the peak in 1012 cm−1 is the bending of the aromatic
C C bond [45,49].

3.2.  SEM  for  GnP  and  carbon  fiber

Scanning electron microscopy (SEM) images are shown in
Fig. 4 for pristine and silanized GnPs nanoplatelets, Fig. 4a
shows the pristine nanoplatelets and Fig. 4b, the GnPs treated
with the 3-glycidoxypropylmethoxysilane. Both pictures show
agglomerations of the nanoparticles and this is attributed
to the strong �-� bond present in its stacking resulting
from its large surface area [36], although for the silanized
graphene nanoplatelets, larger agglomerations forming more
compact structures as shown in the micrographs. This may be
attributed to the surface treatment. The inherent roughness
of the pristine carbon fiber can be observed in Fig. 4c, while the

oxidized fiber (Fig. 4d) shows greater roughness because of the
treatment, without serious damages affecting its mechanical
properties [49].
 0 2 0;9(6):13855–13869

3.3.  EDS  for  GnPs  and  carbon  fiber

Table 2 shows data of the elements present on the graphene
nanoplatelets and the carbon fibers obtained using EDS. The
pristine graphene nanoplatelets contain oxygen that corre-
sponds to the sizing applied by the manufacturer. The increase
of the amount of oxygen on the oxidized fibers [37] gener-
ates new functional groups as shown in the FTIR spectra. The
appearance of the silane from the treatment of the graphene
nanoplatelets is confirmed.

3.4.  SEM  and  AFM  of  carbon  fiber  coating

Fig. 5a shows some resin agglomerations in the resin-coated
carbon fiber, while the Fig. 5b shows the image  of the fiber
treated with 0.1% of GnP-GPTMS where it the no-uniformly
distributed nanoparticles present on its surface can be seen,
but no resin agglomerations can be distinguished. Fig. 5c
shows fibers with the 0.25% GnP-GPTMS concentration and
a greater amount of the nanoparticles is observed but there
are some agglomerates on the fiber surface which may be
attributed to the increase in the viscosity of the resin because
of a higher concentration of nPG-GPTMS in the coating.

Notorious differences of morphologies were also observed
on the samples surfaces as seen from AFM images. Fig. 6a,
which corresponds to resin-coated carbon fiber samples,
exhibited smoother area than those corresponding to 0.1%
of GnP-GPTMS and 0.25% of GnP-GPTMS, presented in Fig. 6b
and c. Similar observations to the images obtained from SEM
images can be made. The presence of agglomerates on the
fiber surface did not contribute to the betterment of the
mechanical properties. The RMS-surface roughness estimate
from the AFM images are shown in Table 3.

A notorious change of the fiber surface area values because
of the surface treatments can be appreciated, and this
difference is larger for 0.1% of GnP-GPTMS. The increase
in surface area means that there exists more  interfacial
area, that is, more  sites of fiber matrix interaction, either
mechanical interaction like friction and/or physico-chemical
interactions resulting from the coupling agent and resin inter-
actions [1,22,23]. Furthermore, the maximum roughness Rmax

observed for 0.25% of GnP-GPTMS, may be attributed to the
presence of large agglomerates, as shown in Figs. 5c and 6c.

3.5.  In-plane  mechanical  properties  and  acoustic
emission  analysis

3.5.1.  Tensile  properties
The tensile tests results for the different GnP-GPTMS per-
centages are shown in Fig. 7 and specimens containing 0.1%
GnP-GPTMS have a higher maximum tensile strength. It can
be noted that the laminates containing nanoplatelets show
a significant maximum strength increase of approximately
13.8% and 10% respectively, as compared to the one that does
not contain graphene nanoplatelets. Even when the tensile
properties are fiber dominated, this increase is greater for the
bution of the nanoplatelets around the fiber interphase, and
an increase of interphase area, thus achieving a more  efficient
load transfer. In the case of the 0.25% of GnP-GPTMS, having
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Fig. 4 – SEM images of a) GnP-C750, b) GnP-GPTMS, c) pristine carbon fiber and d) oxidized carbon fiber.

Table 2 – EDS values for the different materials.

Sample Mass % of chemical elements

C O Si O/C

Pristine carbon fiber 89.56(±1.51) 10.44(±1.56) ------  0.08(±0.017)
Oxidized carbon fiber 77.52(±0.76) 22.36(±0.76) ------ 0.31(±0.013)
GnP-C750 87.93(±1.15) 12.15(±1.22) ------ 0.14(±0.015)
GnP-GPTMS 75.14(±1.26) 19.89(±2.72) 4.8(±1.25) 0.27(±0.037)

Fig. 5 – Micrograph images a) resin-coated fiber, b) 0.1% of GnP-GPTMS, c) 0.25% of GnP-GPTMS.

Table 3 – Surface area and Roughness of carbon fibers specimens: a) Resin-coated fiber, b) with 0.1% of GnP-GPTMS and c)
with 0.25% of GnP-GPTMS.

Carbon fiber treatment Surface area (�m2) Projected Surface area (�m2) Surface area difference (%) Roughness Rmax (nm)

Resin-coated fiber 0.0938 0.0936 0.277 3.8

h
t
a
m

0.1% of GnP-GPTMS 0.0965 0.0936 

0.25% of GnP-GPTMS 0.0944 0.0936 
igher graphene content in the interphase region, can lead
o agglomerations that resulted in a reduction of interphase
rea, thereby reducing the stress transfer from the fiber to the
atrix. In addition, the vacuum content is slightly higher and
3.09 11.8
0.939 30.4
this may lead to a weak interphase that can lead to friction
between the fibers [38] as shown in SEM images of the fiber
coating. The elastic modulus of the composite material with
0.25% of GnP-GPTMS shows an increase of 26.7% and the one
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Fig. 6 – AFM topography of: a) resin-coated fiber, b) 0.1% of GnP-GPTMS, c) 0.25% of GnP-GPTMS.

surfa

as a support around the fiber, thus preventing fiber failure
Fig. 7 – Tensile properties for laminates with different fiber 

that contains 0.1% shows an increase of 16.3% as compared
to the one that does not contain the nanoplatelets. How-
ever, even when the 0.25% of GnP-GPTMS composite showed
a higher maximum tensile strength value, its modulus of
toughness, ut, of was approximately 15% higher those for
0.1% of GnP-GPTMS or resin only composites. Similar results
were reported by Kamar et al. about the ability of graphene
nanoplatelets (GnPs) to improve the interlaminar mechanical
properties of glass-reinforced multilayer composites with the
addition of only 0.25 wt%  GnP [21].

Fig. 8 shows the tensile test results and the associated
acoustic emission events. A great number of them can be
noticed for the laminate with carbon fibers without GnPs
(Fig. 8a), most of them in the range of amplitudes of 35-60 dB,
which are usually attributed to failure of the matrix mate-
rial in the acoustic spectrum. As observed in Fig. 8d, three
histograms show the amplitude and the number of acoustic
emission events. Both, amplitude and number of events are
greater for the laminate that does not contain GnPs followed
by those with 0.25% and 0.10% of GnP-GPTMS [43].

These results are consistent with those obtained from the
values of maximum strength and elastic modulus since lower
AE events, i.e., less noise, indicate a better stress transfer
between the fiber and the matrix, thereby increasing the prop-
erties of the composite material that contains GnPs.

Fig. 9 shows images of the fracture surfaces of specimens
loaded in tension for the composite material and the different

carbon fiber surface treatments. Fig. 9a, shows the resin only
treated fiber and that some resin traces remain on their sur-
face, indicating that there is good adhesion. It can be inferred
ce treatments: a) tensile strength and b) elastic modulus.

that failure of the composite material is more  interfacial than
cohesive. Fig. 9b corresponds to the composite material coated
with 0.1% of GnP-GPTMS where a larger amount of resin is
noted between the fibers indicating a better interfacial adhe-
sion. Fig. 9c shows the fracture surface of the specimen with
the coating with 0.25% of GnP-GPTMS. A greater presence of
resin on the fibers is noticed but there are also areas where
the fibers debonded off the matrix, indicating some interfa-
cial failure and more  cohesive failure. All these observations
are in good agreement with the results obtained by means of
AE and the observations made with both the SEM and AFM
analysis.

3.5.2.  Compression  properties
As shown in Fig. 10, the specimens containing 0.1% of silanized
graphene nanoplatelets, higher compression strength of
165.0 MPa is observed, while those that do not contain
any graphene and the one with 0.25% silanized graphene
nanoplatelets have compression strengths of 141.0 MPa
and 152.0 MPa respectively. Then, the compressive strength
increased approximately 17.0%, and 7.8 % because of the incor-
poration of 0.1% of GnP-GPTMS and 0.25% of GnP-GPTMS
respectively in the fiber-matrix interphase. This behavior may
be attributed to the lateral support resulting from the pres-
ence of graphene at the interphase, that is, the GnPs acted
by buckling or shear, allowing a better load to be transferred
more effectively. For the 0.25% of GnP-GPTMS, although it con-
tains a greater amount of GnP, the poor distribution did not it
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Fig. 8 – Stress-strain graph for tensile stress test associated with acoustic emission events a) for lamination without
GnP-GPTMS, b) laminated with 0.1% of GnP-GPTMS, c) laminated with 0.25% of GnP-GPTMS and d) Histogram of the
amplitude in relation to the number of events for each type of laminate mentioned in a-c.

Table 4 – Mechanical pin-loaded Joint testing summary data.

Specimen type Tensile strength/Tensile
joint stress ratio �0/�tl

Shear strength/Shear-out
joint stress ratio �0/�out

Compressive
strength/Bearing stress ratio �c/�br

Bearing chord stiffness,
Ebr (GPa)

Resin-only untreated fiber 435.0 = 11.8 122 = 1.67 141 = 0.85 1.48

a
l
r
r
d
G

3
F
c
u
a
a
t
o
o
t
l
fi
i
s
s
a

37.0 73

0.1% of GnP-GPTMS 501
38 = 13 141

75.5 = 1.85
0.25% of GnP-GPTMS 482

37 = 13 125
73 = 1.70

llow an efficient lateral support that results in a less efficient
oad transfer between fibers and the matrix, and perhaps also
esulting in the generation of stress concentrators in the mate-
ial. The strain to failure values are higher in the laminate that
oes not contain the nanoparticle while for those with higher
nP content, it decreased.

.5.3.  Shear  properties
ig. 11 shows the force-displacement graph of the shear test
haracteristic in this type of test, showing the highest val-
es obtained for each of the treatments. The graph shows

 higher displacement for the sample containing 0.1% of GnP
nd has a higher value of load at failure, showing that the con-
ent of the GnP does have an influence on the shear behavior
f the composite material. It can be inferred from the shape
f the graphs that when the load reaches a maximum value
he composite material with untreated fibers fails and the
oad suddenly drops. In the case of the GnP treated carbon
bers, a shoulder that differs depending on the GnP content
s noticed. Those samples containing graphene have a wider
houlder. This behavior may be because of the two dimen-
ions of graphene results in a better response to shear stresses
nd failure is not catastrophic. The maximum shear strength
167.
165
186 = 0.89 1.90 (30.2% +)
152
185 = 0.82 2.70 (83.3% +)

values are 69.0 ± 2.0 MPa, 78.0 ± 2.0 MPa and 70.0 ± 4.0 MPa  for
untreated fibers, 0.1% and 0.25% GnP-GPTMS respectively,
obtaining increases of 13.0% and 1.0% for 0.1% and 0.25% GnP-
GPTMS as compared to the untreated fiber.

3.5.4.  Bearing  pin-loaded  joint  response
Fig. 12 shows the tensile stress in the net cross section, the
bearing compressive stress and the shear-out stress plot for
the mechanically fastened pin-loaded joint test. It can be seen
in Fig. 12a that the interfacial modifications resulting from
the introduction of GnP onto the carbon fiber surface have
no noticeable effect on the tensile behavior of the loaded
joint. It can be considered that the tensile strength is a fiber-
dominated behavior of the composite material, especially the
0◦ oriented plies, aligned with the load. The bearing strength
for the different formulations, calculated taking the highest
values of applied load from the test are shown in Fig. 12b. In
this case, it should be remembered that the laminates used are
[0◦, 90◦, ± 45◦]S quasi-isotropic and that this type of laminate

typically fails because of bearing stresses in the hole section.
It should also be remembered that in this test, the coupons
are subjected to a complex state of stress in the vicinity of the
hole.
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Fig. 9 – SEM images of the tensile test fracture surfaces for specimens: a) without GnP, b) with 0.1% of GnP-GPTMS and c)
with 0.25% of GnP-GPTMS.

Fig. 10 – Compression properties for laminates with different fiber surface treatments a) compressive strength and b)
compressive strain.

Fig. 11 – Iosipescu shear test results for laminates with different fiber surface treatments: a) shear load-displacement and b)
shear strength for the different carbon fiber surface treatments.
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Fig. 12 – Test results for pin-loaded joint for laminates with three different fiber surface treatments: a) tensile stresses in the
n  betw
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et tensile section; b) bearing strength in the area of contact

There exists a high gradient of tensile stress component
n the ligament sections on both edges of the hole, the com-
ressive stress in the pin-laminate contact region and shear
tresses in between these regions. The bearing failure is char-
cterized by high compressive stress values within the zone
urrounding the loaded inner hole boundary and it is a grad-
al and progressive failure mode of non-catastrophic nature.
he tensile stress in the net-cross sectional area, for each
f the three formulations was: 37.0 ± 3.0 MPa, 38.0 ± 4.0 MPa
nd 37.0 ± 1.2 MPa,  for the only resin, 0.1% and 0.25% GnP-
PTMS fiber treatments respectively. As mentioned before, the

ensile behavior is a fiber-dominated property and the car-
on fiber surface modification only allowed a slightly larger
eformation before failure. Similar results were observed for
he shear-out strength and their values were: 73.0 ± 6.0 MPa,
5.5 ± 8.5 MPa,  and 73.0 ± 2.0 MPa,  for the only resin, 0.1%
nd 0.25% of GnP-GPTMS samples respectively. The largest
ncrease was approximately 3.5% for the 0.1% GnP-GPTMS
ber surface treatment.

The bearing strength values were 167.5 ± 10.0 MPa,
86.0 ± 18.0 MPa and 185.0 ± 4.0 MPa for only resin, 0.1% and
.25% GnP-GPTMS respectively. The 0.1% GnP-GPTMS formu-
ation increased 11.0% while the 0.25% GnP-GPTMS, 10.0%,
s compared to the resin only one. It is evident that the
resence of the GnPs plays a very important role in the behav-

or of the composite material, especially when subjected to
 complex state of stress. As mentioned before, the joint
trength has a dependency on the addition of nanomaterials
ike MWCNT in different compositions. Additionally, the ten-
ile strength of the MWCNT added carbon/epoxy composite
aminates increases with increase in MWCNT composition up
o 0.3 wt.% [24].

The bearing chord stiffness, Ebr, was calculated from the
earing stress/bearing strain plot when recording the AEs

Fig. 14). The bearing chord stiffness is calculated between
wo specific bearing stress or bearing strain points corre-
ponding to the linear portion of the curve using the relation:
br = ��br/�εbr, where ��br and �εbr are the changes in the
earing stress and the bearing strain over the chord stiffness
ange, respectively. In this case, the hole deformation was nor-

alized by the hole diameter to estimate an effective bearing
train. Likewise, the applied force was normalized by the pro-
ected hole area to estimate an effective bearing stress. It is

onvenient to point out that the bearing chord stiffness was
ecorded together with the acoustic emission signals. That is,
he specimen was not loaded until a maximum failure force
ad clearly been reached. The test was terminated earlier to
een the joint and the pin; c) shear-out stresses.

prevent masking of the true failure mode by large-scale hole
distortion in order to provide a more  representative failure
mode assessment.

Instead of using a specific failure criterion for the progres-
sive damage analysis of the pin-loaded joint, simple strength
ratios (SR) for tensile, shear and compressive loads versus
the estimated stress components for the joint are shown in
Table 4. Again, it can be seen that the Tensile strength /Ten-
sile joint stress ratio (SR), �0/�tl is much larger than 1, and
this is attributed to the 0◦ fibers aligned in the load direc-
tion. Then for the lamination stacking sequence selected for
this experiment, a tensile failure is far from occurring. In the
case of the shear strength (Iosipescu shear strength) /shear-
out stress ratio �0/�out > 1.0, the largest value is occurring for
the 0.1% GnP-GPTMS carbon fiber surface treatment. The axial
compression strength and the bearing strength �br, yields a
ratio of 165.23 /185.66 equal to 0.89, closer to 1.0 unlike the
resin only treatment or the 0.25% GnP-GPTMS. The Bearing
chord stiffness, Ebr is noticed to increase with increasing GnP
content. From Fig. 15, the areas under the curves for the resin-
only, 0.1% GnP-GPTMS and the 0.25% GnP-GPTMS and the
strain energies were 1.1, 1.5 and 3.6 MJ/m3 respectively. How-
ever, the ultimate failure of the 0.25% GnP-GPTMS was lower
than that observed for the 0.1% GnP-GPTMS. This may be
attributed to a poorer distribution of the GnPs at higher volume
fractions.

The SEM images of Fig. 13a show that the fibers with resin-
only coating suffered extensive interfacial failure with the
debonding of the fiber from the matrix. These images corre-
spond to points in the transition from the bearing area where
a crushing failure may occur and points subjected to tensile
stresses in the ligament in the vicinity of the hole. A distinct
difference is noticed between the tensile stress-loaded area
and the area of the residual impression of the pin on the only
resin treated carbon fiber composites and GnPs treated ones. It
was evident, that the IFSS played an important role on the fail-
ure mode. In the compression area there is a marked presence
of a permanent deformation in the matrix. A closer look at
the local failure phenomena in the compression loaded area,
the degree of matrix plasticity appears to vary according to
the level of interfacial adhesion. In Fig. 13b for 0.1% of GnP-
GPTMS a greater amount of resin is adhered to the fiber which
speaks of a cohesive failure on the matrix, while for Fig. 13c for

the 0.25% GnP-GPTMS, small tufts of deformed epoxy around
the fiber ends can also be distinguished in the tensile loaded
regions. Also, for Fig. 13b and c, in the pin-loaded area only a
few fiber failures by buckling or shear are noticed in the bear-
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Fig. 13 – SEM images of the fracture surface in the mechanical joint specimens corresponding to points located in the
transition zone between the bearing stress and the tensile stress in the ligament regions for: a) resin-only coating, b) 0.1% of
GnP-GTMPS and c) 0.25% of GnP-GTMPS, at different magnifications.

Fig. 14 – Pin-loaded hole specimen after failure to show bulging at the hole edge and delamination between the 0◦/90◦ plies

for: (a) a) resin only, b) with 0.1% of GnP-GTMPS.

ing region in the transition to tensile failure. It is postulated
that the appearance of abraded region is caused by buckling
of fibers as a result of the geometry of the pin which tends to
bow the fiber ends inward, however, the presence of the GnPs
tends to prevent fiber buckling. This may also be related to
any frictional forces which are present between the composite
surface and the pin. These characteristic modes of deforma-
tion were consistently observed for both systems with GnP.
Kamae and Drzal, [50] stated that because of the inclusion of
CNTs on the fiber surface, one of the properties of the com-
posite laminate, expected to be improved is the compressive
strength in the fiber direction because the shear modulus and
shear strength of a matrix resin would be enhanced by pre-
venting fiber buckling. Furthermore, the presence of GnPs on
the fiber-matrix interphase besides increasing the in-plane

stiffness of the laminate also provides additional through-
thickness stiffness, both of which are important in resisting
bearing failure. Similar observations were made by Wicks et al.
[25] who used aligned CNTs to increase the in-plane stiffness
of the laminate and to provide additional through-thickness
stiffness.

Visual evidence of z-direction (through-thickness) stiffness
enhancement is shown by the laminate cross-sections after
failure in Fig. 14. The resin only specimen expands (‘‘bulging
of the bearing joint”) in the through-thickness direction near
the hole, in the region of bearing failure, for the 0.1% of GnP-
GPTMS composite was of approximately a 38% of the initial
thickness and as compared to a 44% of the resin only compos-
ite. Delamination, especially between the 0◦/90◦ plies was also
less notorious because of the z-direction enhancement of the
GnPs.

The AE events recorded close to the hole are shown in
Fig. 15. The resin-only coating sample showed a greater num-
ber of AE with respect to the one that contains 0.1% of

GnP-GPTMS, in addition to the fact that most of the AE were
in the range of 30-50 dB, indicating matrix failure in the com-
posite material. It could also be noticed that these AE events
corresponding to the resin-only samples started at lower bear-
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Fig. 15 – Bearing Stress-Bearing Strain graph associated with acoustic emission events: a) for laminate without GnP-GPTMS,
b) laminate with 0.1% of GnP-GPTMS, c) laminate with 0.25% of GnP-GPTMS and d) histogram of the acoustic events
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ng strain values, long before the acoustic events occur in
amples containing 0.1% GnP-GPTMS. In this case, most of the
E events occur in the range of 40−60 dB, indicating matrix
nd fiber failure of the material but with fewer AE events than
hose observed for the resin-only samples. For the 0.25% of
nP-GPTMS samples, more  AE events than those recorded for

he other two fiber surface conditions, but In this case, they
ccur at a higher bearing strain and most of these AE events
ere in a range of 30−70 dB. Again, this may also be related

o any frictional forces which are present between the com-
osite surface and the pin in addition to the matrix and fiber
ailure.

.  Conclusions

he benefit of the deposition of the GnP-GPTMS on the car-
on fiber-epoxy resin matrix interphase proved to increase the

nterfacial surface area, resulting in an improvement of the
echanical behavior of a quasi-isotropic laminate. Two dif-

erent GnP-GPTMS concentrations were studied and the best
esults were obtained with a 0.1% concentration. For higher
nP-GPTMS contents, no noticeable strength value increases
ere observed. Tensile tests on the material with 0.1% GnP-
PTMS, showed an increase of 13.8% with respect to the
ntreated fiber, while the deformation in the three formula-

ions did not show significant changes. The elastic modulus
ncreased in the material with 0.25% graphene by approx-
mately 26.7% when compared with the untreated CFs. In
he Iosipescu shear test, the increase in the shear strength
 according.

of 11.89% for the 0.1% for silanized GnPs with respect to
the untreated one was observed. The strength behavior of
pin-loaded joint, showed similar results to the single-mode
load tests. The benefit of the deposition of the GnP-GPTMS
on the fiber surface was more  notorious on the in-plane
strength, specially the bearing strength of the composite
material. An increase of 10.83% with respect to the laminate
with untreated fibers was estimated. The strength ratios (SR)
increased because of the adhesion of the GnPs to the fiber.
The z-direction behavior (through the thickness direction) was
also enhanced and smaller z-direction displacements were
notice at the hole/pin contact edge. Delamination between
the 0◦ and 90◦ plies was less notorious. Distinct differences
were noticed between the tensile stress-loaded area and the
area of the bearing strength produced in the area of contact
between the pin and the laminate. The residual impression
of the pin on the failure mode between the only-resin treated
carbon fiber composites showed a marked degree of matrix
plastic deformation for untreated fibers. As the IFSS increased
with the inclusion of the GnPs, such plastic matrix deforma-
tion decreased, thus indicating that the fibers did not failed
under compression and/or fiber buckling and shear. It was evi-
dent that the IFSS played an important role in the in-plane and
z-direction failure mode.
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