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The characteristics of the formed fiber-matrix interphase play a decisive role during fracture of fiber reinforced
composites. Herein, we experimentally investigate the influence of fiber-matrix interphase on the fracture
toughness of fiber-reinforced composites. Carbon fiber is modified with nanoparticles having different physical
and chemical features, including functionalized carbon nanotubes (fCNTs), cellulose nanocrystals (CNCs), and
hybrid CNC-CNT, and the effect of chemical and mechanical properties of the fiber-matrix interphase and fiber
surface topology on the mode I and mode II delamination resistance of carbon fiber/epoxy composites is studied.
The objective of this study is to fundamentally understand the relationship of fiber-matrix interphase properties
and fracture toughness. It is observed that fiber-matrix interfacial strength depends on the width and chemical
properties of the interphase zone. CNC-CNT spans the interfacial zone enhancing the interfacial strength by 76%,
allowing the matrix to have a more effective contribution during the fracture. The stronger interphase subse-
quently results in 183% improvement in mode I and 75% improvement in mode II interlaminar fracture
toughness of the composite.

1. Introduction

Delamination is still considered to be the most dominant and life-
limiting failure mode in the laminated composites. While continuous
fiber reinforced polymer (FRP) composites exhibit excellent in-plane
properties, delamination growth degrades the material and eventually
results in their premature failure. Being susceptible to delamination
considerably restricts their in-service applications including primary
aircraft and automotive structures. Improving the interlaminar adhesion
and delamination resistance is specifically important in parts experi-
encing impact loading, under which cracks initiate and grow in the
interlaminar region due to the contribution of mode I (opening), mode II
and mode III (shearing) failure modes. In this regard, several strategies
have been proposed to increase the interlaminar fracture toughness in
FRP composites, including optimizing ply stacking sequence [1], inter-
leaving the plies by a tougher polymer or micro- and nano-fillers [2-6]
as well as through-thickness reinforcement (i.e., stitching [7], weaving
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[8], z-pinning [9]). In addition, adding toughening modifiers, including
rubber particles, silica particles, and carbon nanoparticles to the poly-
mer (mainly epoxy) has been a prevalent approach to improve the
interlaminar toughness and the impact damage resistance [10,11].

It has been shown that fibers have a significant contribution during
the delamination process as the fracture toughness of the composite is
commonly greater than the bulk epoxy owing to the provoked tough-
ening mechanisms both ahead and behind the crack tip, such as fiber
bridging and rupture as well as crack arrest and deflection [12]. The
fiber-matrix interphase is the transition region which mechanically and
chemically connects the bulk fiber and bulk matrix in the composite. The
formation of this phase is influenced by physicochemical features of
both fibers’ surface, e.g. carbon fiber (CF), and the matrix. Weak
interfacial adhesion between the CF surface and epoxy has been a major
limiting factor in developing the CF composites with theoretical me-
chanical performance [13,14]. The weak adhesion is attributed to low
surface energy, non-polar, chemically inert, and smooth surface of CFs
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[15]. The fiber-matrix interphase directly determines the effectiveness
and distribution of load transfer between the fiber and matrix. It has
been shown that in the case of most failure modes, including delami-
nation, the main crack propagation occurs across the fiber-matrix
interface [16]. Improving the interfacial strength not only enhances the
system integrity and increases the ultimate strength [13,15,17-22], but
it also enhances the interlaminar fracture toughness [23-26] by taking
advantage of the potential toughness lying in the polymer matrix, which
is mostly left unused due to the early fiber-matrix debonding [27].

The quality of formed interphase is determined by multiple factors
including the extent of chemical bonding, mechanical interlocking, and
fiber wettability of the fiber by resin [28]. The rough morphology of the
fiber surface is associated with a better mechanical locking of the fiber
and polymer after curing. The degree of chemical bonding between the
fiber and polymer is influenced by the number of available reaction sites
on the CF to react with epoxy. Planting functional groups such as
carboxyl, amino, epoxy and hydroxyl on CF surfaces have been a prev-
alent method for increasing the chemical bonding [29]. Adjusting the
polarity difference between the CF and polymer is also an important
factor as it determines the extent of resin-fiber wetting and contact,
which controls the intensity of voids in the interface [28,30]. Chemical
grafting [31], plasma treatment [32], chemical vapor deposition (CVD)
[33], and electrophoretic deposition (EPD) [34] are the main developed
techniques that have been explored to modify physical and chemical
features of the CF surface. The main drawback associated with these
techniques is the need for lab-scale cost and/or time inefficient treat-
ments on the CF, which cause challenges in scaling up the method
[35-37]. Using nanoparticles has been an effective technique to engi-
neer physical and chemical mechanisms involved in the fiber-matrix
interphase. For instance, carbon nanotubes (CNT), and graphene have
shown to increase the available surface area, stiffen the interphase re-
gion, and facilitate a smoother transition of mechanical properties in the
interphase region, which will soothe stress concentration effect in the
interphase [38]. Long CNTs have been shown to establish strong me-
chanical interlocking with epoxy, which occurs through CNTs tails on
the carbon fiber surfaces extending into the epoxy matrix and leads to
micromechanical interlocking effect at the interphase that in turn en-
hances the fiber-matrix interactions. This facilitates the efficient load
transfer from reinforcing fiber to matrix and modifies the failure nature
of the material. The enhanced localized plastic deformation, crack
deflection, bridging gaps and pores, particle debonding and pull-out
have been observed as key energy dissipating phenomena through
which CNTs increase the fracture toughness [39-41]. Modifying the
polymer matrix with nanoparticles is another strategy that has been
adopted to mitigate the delamination failure, however, low viscosity of
the modified resin and the challenges in fabricating high volume frac-
tion composites (>60 vol%) as well as problems in achieving a uniform
dispersion due to the filtering effect, which segregate and deplete the
nanoparticles, are concerns that limit this strategy for engineering ap-
plications [42]. Further, it has been widely agreed that increasing
toughness of the matrix above a certain threshold cannot effectively be
transformed into the interlaminar fracture toughness of the fiber com-
posite [43,44]. A common proposed strategy to toughen the matrix by
promoting plastic deformations is decreasing its yield strength [45],
however, these methods typically lower the system stiffness and
strength, which is not generally desirable. This makes engineering the
fiber-matrix interphase a more effective strategy than modifying the
polymer matrix. The increase in the interfacial strength is expected to
not only enhance fiber-related toughening mechanisms but also provide
a more effective toughness transfer from matrix into the interlaminar
fracture toughness.

The high surface area and strong van der Waals forces cause CNTs to
agglomerate into bundles. This can be reflected in several studies in
which adding any amount of CNT decreases the fracture toughness [46].
Hence, proper dispersion and avoiding secondary agglomeration before
integrating is crucial for taking advantage of CNTs excellent intrinsic
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properties. In this regard, carbon nanoparticles are chemically func-
tionalized, and/or hybridized by other functional nanoparticles to exert
their superior mechanical properties to the most. Graphene oxide (GO)
is a common form of modified graphene that offers abundant functional
groups on the graphene surface [47]. Use of mixed sulfuric and nitric
acids (HoSO4/HNO3) have also been a prevalent method for chemically
functionalizing the carbon-based nanoparticles [48]. It should be noted
that besides the lack of scalability, doing functionalization on CNT,
which usually involves intensive processes, has been shown to damage
CNT sidewalls, deteriorating their mechanical performance [49,50].
CNTs have been hybridized with different classes of materials to achieve
synergistic enhancement of properties in the resultant hybrid nano-
composite [51-53]. A number of efforts have covalently grafted polymer
chains onto the graphene and CNT to disperse them and make a hybrid
nanostructure [54]. Shariatnia et al. [55] recently developed a tech-
nique for integrating pristine CNTs (pCNTs) on the CF surface with the
aid of cellulose nanocrystals (CNCs) and showed that hybridizing 0.2 wt
% CNC and 0.2 wt% CNT on the CF surface yield 33% enhancement in
flexural properties, and 35% in interlaminar shear strength. It was re-
ported that this improvement is unattainable by using the individual
CNTs or CNCs due to the synergistic strengthening mechanisms which
appear when CNTs and CNCs are used together. CNCs exhibit high
aspect ratio, low density, low toxicity, and numerous accessible hy-
droxyl side groups (-OH) as hosts for different nanoparticles [56,57],
which makes them good candidates to be used as chemically assistant
agents.

Numerous experimental and numerical studies have attempted to
improve the fiber-matrix interfacial properties and study its influence
on the fracture toughness of the carbon/epoxy composites
[24,29,58-62]. In a recent study, CF was coated with CNTs that were
pre-treated by grafting cationic polymers on them. Compressive and
short beam shear strength as well as mode I interlaminar fracture
toughness of the fabricated composites were investigated in this study
[62]. Although several studies have dealt with this subject, most of them
only address the influence of surface treatment on macroscopic prop-
erties of composites. A comparative experimental study on the role of CF
surface topological and chemical properties on strength of the formed
interphase, and its relation to the fracture toughness, and crack initia-
tion and propagation response in the CFRPs is missing. Hence, the
relationship between the interphase properties and fracture toughness is
not well understood. The proposed combination of nanoparticles in this
study, that offers different physicochemical properties, enables a deeper
insight into the nature of the interphase formation. In addition, the
potential of CNCs united with CNTs in improving the interlaminar
fracture toughness has not been explored yet. This is an interesting
synergy since CNCs act both as dispersing, coating agent and also a
chemical agent during the subsequent interphase formation.

This paper aims to reveal how chemical and mechanical properties of
the fiber-matrix interphase affect the interlaminar fracture toughness of
carbon fiber reinforced polymer (CFRP) composites. We modify the
fiber-matrix interphase by three combinations of nanomaterials and
study its relation to the mode I and II interlaminar fracture toughness of
CFRP composites. The CF surface is modified by incorporating func-
tionalized CNTs (fCNTs), CNCs, and CNC-CNTs (pristine CNTs). To coat
the fibers with pristine CNTs, we use the previously developed method
in our group, i.e. delivering pristine CNTs using CNCs on the fiber sur-
faces through aqueous immersion [55]. Single fiber fragmentation (SFF)
tests, double cantilever beam (DCB) and end-notched flexure (ENF) tests
were used for measuring mode I and II interlaminar fracture toughness,
respectively. Using the AFM nano-IR method, a comparative investiga-
tion on the topology and the chemical properties of the interphase with
different coatings was performed to understand how interfacial features
influence the interlaminar fracture response of CFRPs.



H. Fallahi et al.
2. Experimental
2.1. Materials

The CNCs used in this work are NCV-100 CNCs (CelluForce, QC,
Canada) with a diameter of 3-4.5 nm, length of 44-108 nm, and mo-
lecular formula of [(C¢OsHigla2 28SO3Nalsg. Pristine multi-walled
CNTs produced via catalytic CVD with 95% carbon purity and average
outer and inner diameters of 5-15 nm and 3-5 nm and length of ~10 pym
are purchased from US Nano (United States). Unidirectional (UD) Hex-
cel IM2 CFs (12 k tow size) are used as received. Epoxy INF-114 and INF-
211 hardeners are supplied from Pro Set (USA). Functionalized CNTs
(fCNTs, AQUACYL™ AQ0302) are purchased from Nanocyl that are 3 wt
% acid hydrolyzed CNTs dispersed in aqueous solution.

2.2. Coating procedure and composite manufacturing

A schematic of processing-fabricating steps for making CNC, fCNT,
and CNC-CNT modified CFRP composites are shown in Fig. 1. 12 and 16
layers of CFs were used for making the laminates for DCB and ENF tests,
which resulted in laminates of 3.1 mm and 4 mm thicknesses, respec-
tively. Unidirectional composite laminates were manufactured with four
different coated CFs: (i) uncoated (ii) f{CNT coated, (iii) CNC coated, (iv)
CNC-CNT coated. Using individual pristine CNTs was not feasible in this
study as the CNTs agglomerate in the water without dispersants. Instead,
nitric-sulfuric acid treated fCNTs were used, which is an established
class of CNTs due to their compatibility with the polymers and stability
in solvents. The coating process was performed by immersion coating
method at which the CF fabrics were immersed in a bath of prepared
suspension for 20 min followed by drying in an oven at 90 °C overnight.
The coating suspension for all the cases is prepared by dispersing the
nanoparticles in deionized water (DI-H30) using probe sonication for 30
min with the cycle of 20 s pulse on and 10 s pulse off at 20 kHz and 75%
intensity within an ice-bath. The concentration of all suspensions is 1 wt
% and the ratio of CNC-CNT suspension is 10:1 (CNC’s weight is 10 times
that of CNTs’), according to our previous study [55]. The coating process
parameters including solution concentration, CNC-CNT ratio as well as

1) Sonication of suspensions
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sonication and immersion time is adopted according to the prior at-
tempts [55,63]. During the sonication, small CNC nanoparticles tend to
infiltrate and attach to the CNTs. Electrostatic attraction and polar-n
interactions between the carbon rings of CNT and the CH groups in
cellulose, and covalent bonding between the OH and sulfate groups of
CNCs with the defected sites of CNTs are the main binding/bonding
mechanisms of CNC-CNT [57]. Formation of hydrogen bonds between
CNC and water molecules and the strong interaction between the CNT
and CNCs prevents the CNC crystals from re-agglomeration after stop-
ping the sonication and stabilizes the suspension for months. In fact, the
attached CNCs to CNTs act like functional groups such as carboxyl and
hydroxyl groups on functionalized CNTs. Moreover, the used sulfuric
acid treated CNCs have shown to have negatively charged sulfate half-
ester groups that results in colloidal stability [64-66]. To manufacture
the hybrid composites, vacuum-assisted resin transfer molding (VaRTM)
process was used. Artificial pre-cracks were created using 20 pm thick
Teflon film, which was placed in the midplane of the laminate prior to
resin infusion. The CFRP laminates were cured at 60 °C for 8 h on a
sealed hot plate. It is noted that fabricating hierarchical composites via
autoclave method will have relatively higher mechanical properties
compared to VaRTM due to better resin diffusion and fiber wetting [67],
however, we hypothesize that it will not impact the observed trends in
this research as the void volume fraction of fabricated specimens are
around 2.5%, see supplementary information.

2.3. Mechanical testing procedure

The DCB and ENF tests were performed according to the ASTM
D5528 [68] and ASTM D7905 [69] to measure mode I and II fracture
toughness, respectively. DCB specimens with the geometry: width = 25
mm, thickness = 3.1 mm, total length = 150 mm, and ENF specimens
with the geometry: width = 25 mm, thickness = 4 mm, total length =
140 mm are shown in Fig. 2. The pre-crack lengths in the DCB and ENF
specimens are 60 mm, and 45 mm, respectively. For DCB samples, piano
hinges were attached to the two sides of specimens in a way that the
distance of initial crack tip to the loading point was 20 mm. As the crack
opening distance increased, delamination propagated along the mid-

Ill) VaRTM
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Hot plate
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Fig. 1. Manufacturing steps for coating carbon fibers with CNC-CNT nanoparticle system, and fabrication of composite laminates: i) aqueous solution of nano-
particles are sonicated during which CNT-CNC assembly is built and stabilized in the water. ii) CNC-CNT nanostructures are attached to the carbon fiber surface by
the defected sites and locally charged regions. iii) the coated fibers are stacked with a Teflon film, as artificial crack, and vacuum assisted resin transfer molding
(VaRTM) method is used for making composite laminates. It is noted that the same technique was used for fabricating laminates for the f{CNT and CNC specimens.
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4
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Fig. 2. a) geometrical dimensions of the fabricated DCB specimens including
total length, and distance between the loading axis and the crack tip. b) the
configuration of enf test including span length and crack tip position.

plane of the specimens. The applied load, crack opening displacement
and crack length were measured in steps during DCB and ENF tests.
Sides of the specimens for both DCB and ENF samples were painted by a
white, solvent-based paint and marked to permit tracking of the crack-
tip location. The tests were performed using a UNITED SMART 1
testing machine under displacement control condition with a crosshead
speed of 10 mm/min. Seven samples were tested for each case and the
delamination crack growth was recorded using a digital camera for post-
processing.

2.4. Data reduction schemes

The mode I and II interlaminar fracture toughness, which are in-
dicators of required energy for the unstable crack to grow, for each
increment was calculated according to the modified beam theory (MBT).
According to this method, mode I interlaminar fracture toughness, Gj, is
calculated as:

3PS

G=—"
"7 2b(a + |4

(€8]

where P = applied load, § = crack opening displacement in the load
point, b = sample width, a = crack length, and A is a correction factor for
the crack length and calculated according to ASTM D5528. The mode II
initiation interlaminar fracture toughness, Gy, is calculated based on the
direct beam theory (DBT) as:

9PSa> 9P%*a’C

- = 2
Gu 26(2L% +3a%) ~ 2b(2L3 + 3d%) 2

where P = maximum load level, L. = span length, a = crack length, b =
specimen width, and § = maximum displacement. It is noted that an
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initiation value for the onset of crack growth, and an interlaminar
fracture energy value for the steady state crack propagation is obtained
and reported separately.

2.5. Single fiber fragmentation (SFF) tests

Single fiber fragmentation (SFF) tests are conducted to evaluate
interfacial strength of modified CFRPs using a Kammrath Weiss 10 kN
micro tensile stage under an optical microscope (DXS 500 by Olympus).
The SFF specimens are prepared by embedding a single filament
extracted from a coated CF tow into the dog-bone-shaped silicone mold
filled with epoxy resin, and cured under the same conditions of CFRP
composites. The dog-bone shape samples are 50 x 10 mm with a gauge
length of 25 mm. The interfacial shear stress (IFSS) values are calculated
by Kelly and Tyson [70] model in Eq. (2):

_4o; _ 3dor

TR 3)

where 7 is interfacial shear strength (IFSS), d; is the fiber diameter, [ is
the critical length, and oy is the fiber tensile strength at critical length.
The critical length, L, is calculated using I = %i , where [ is the average
fiber length. An average of 6 samples is reported. Weibull distribution
used for the carbon fiber strength data (according to ASTM D3822) were
applied to obtain Weibull shape parameter and strength as 4.91 and
4038 MPa, respectively. Note that the individual fibers are pulled out
from the coated CF tow.

2.6. Atomic force microscopy (AFM)-infrared (IR) spectroscopy and
scanning electron microscopy (SEM)

The AFM Nano-IR (Bruker Anasys nano-IR2) is conducted to un-
derstand the topological and chemical features at the CF-epoxy inter-
phase. AFM-Nano-IR simultaneously probes both topology (AFM) and
evolution of the chemical composition of the interphase (IR) of CFRP
composites coated by different nanoparticle systems. The specimens are
prepared by inserting and taping a CF tow on top of a silicone holder 2 x
5 x 1 cm poured with epoxy. To obtain a smooth surface, CFRP is
grinded using 400-7000 grit sandpapers and polished with aluminum
particles of 6 pm size. The AFM micrographs are collected at AFM tap-
ping mode and taken from the top view and the measurements are
conducted for at least 3 samples for each composite. The IR measure-
ments are performed in the range of 1800-800 cm ! with 20 nm spatial
resolution. The tips have a nominal radius of 30 nm, according to the
manufacturer (Bruker Anasys nano-IR2).

Fracture surface investigation was performed using scanning elec-
tron micrscope (SEM) (Tescan FERA-3 Model GMH Focused Ion Beam
Microscope) with an acceleration of 5 kV. Before SEM, the surfaces were
sputter-coated with 5 nm gold to increase the conductivity of the
surface.

3. Results and discussion
3.1. Fiber-matrix interphase features

Characterizing chemical and physical properties of the formed
interphase between the epoxy and modified CFs provides important
information for interpreting the mechanical response of the interphase.
The interfacial region of CNC, fCNT, and CNC-CNT coated CFRPs are
evaluated using AFM-NanolR, as presented in Fig. 3. The technique is
composed of AFM and IR with a spatial resolution of 20 nm that allows
revealing the chemical composition of the interphase at a nanoscale
resolution for adhesion studies. IR data was captured from the epoxy
(red), interphase (green) and CF surface (blue) as depicted in AFM mi-
crographs in Fig. 3a. In the uncoated sample in Fig. 3a, there is no sig-
nificant interphase captured as the plot jumps by 600 nm in Fig. 3i. On
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Fig. 3. AFM-IR micrographs with IR plots of a-b) uncoated, c-d) CNC, e-f) f{CNT, and g-h) CNC-CNT coated CFRPs from the epoxy (orange), interface (blue), and
carbon fiber (green). The green dashed box in IR plots point out the change in the polar group in 1040 cm ! from epoxy (red) to interface (blue) and carbon fiber
(green). (i) AFM height-distance plot of uncoated, CNC, f{CNT and CNC-CNT coated CFRPs. The magnified region in (i) presents the gradual carbon fiber-epoxy
interface change in CNC-CNT coated CFRP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

the other hand, AFM height versus distance plot in Fig. 3i shows a step-
by-step rise from epoxy to carbon fiber, where about 2 um gradual
interfacial transition was captured in CNC and fCNT coated specimen in
Fig. 3c and e, respectively. The wider interfacial transition zone becomes
more pronounced in CNC-CNT coated specimen, where there is a 4 ym
gradual interfacial region in Fig. 3i. The magnified region of Fig. 3i
displays the gradual height change of the CF-epoxy interphase due to
CNC-CNT modification. This indicates that the synergistic effect of
hybrid CNC-CNT provides a larger interfacial region compared to those
of CNC and fCNT allowing smoother and more effective stress transfer
from the matrix to fiber.

The IR spectra between 1800 and 900 cm™! are also presented in
Fig. 3. The oxygen-containing peak, 1040 cm™! (C-0), boxed in Fig. 3b,
3d, 3f, and 3h reveal the interfacial interactions between epoxy and the
coated CF. The intensity of the C-O group of the uncoated specimen
(Fig. 3b) shows no considerable increases when approaching the CF
from epoxy (from red towards the blue and green in Fig. 3a). This in-
dicates a limited interaction between CF and epoxy, which is in accor-
dance with the height-displacement plot that shows no interfacial region
in Fig. 3i. In contrast, CNC coating (Fig. 3d) in CFRPs increases the
relative C—O peak, especially at the interphase region (blue) and the CF
surface (green) shown in Fig. 3d. This implies that CNC interacts with
both CF surfaces as well as with epoxy due to the existence of hydroxyl
and half-ester sulfate functional groups. fCNT coated specimen exhibits
a similar trend in Fig. 3f. In this case, f{CNT was decorated with -COOH
as a result of the chemical functionalization process to improve the
surface hydrophilicity of CNTs, and to create bonding with epoxy.
Hence, the increase in the C-O peak is attributed to the enhanced

interaction with CF and epoxy due to the free —COOH bonds on the fCNT
surface. In the CNC-CNT specimen (Fig. 3h), the dominant C-O peak at
the interphase suggests the formation of more chemical bonds at the
interphase possibly due to the bonding between CNC and CNT as well as
the synergistic effect of CNC and CNT that provides both chemical (from
CNC) and mechanical (from CNT) reinforcement leading to improved
interfacial interactions of epoxy and CF. The increase in the interaction
sites due to the company of CNTs improves the adhesion across CF-CNT-
epoxy. IR spectra results also correlate with the obtained 4 pm interfa-
cial region in AFM images where the gradual transition is observed at
the interphase in Fig. 3i. Overall, the CNC-CNT specimen exhibits
increased polar bonding (e.g., C-O) at the interphase region along with a
wider and gradual interphase formation, indicating the formation of
strong interfacial adhesion between the CF and epoxy.

3.2. Interfacial shear strength (IFSS) of coated CFRPs

Interfacial properties of materials dictate the comprehensive me-
chanical properties, fracture mechanisms, and delamination perfor-
mance of CFRPs. According to the shear lag model, homogeneously
dispersed nanomaterials at the interphase allow a gradual stress transfer
from the matrix to reinforcing fibers. To understand the effect of CNC,
fCNT, and CNC-CNT addition on IFSS, the SFF test is conducted as
described in Section 2. The results are presented in Fig. 4, where IFSS
and [ refer to interfacial shear strength and the critical fiber length that
carries the load, respectively. As expected, I, values steadily reduce from
630 pm (uncoated CFRP) to 392um (CNC-CNT coated CFRP) when the
interfacial strength of CFRPs is enhanced with the addition of
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nanomaterials. IFSS value is 36 MPa for uncoated CFRP, and it gradually
increases with the addition of CNC (45 MPa), fCNT (49 MPa), and CNC-
CNT (64 MPa). The enhanced interfacial strength for CNC, fCNT, and
CNC-CNT modified CFRPs compared to uncoated CFRP’s correlates with
the increase of interfacial zone from ~ 0 to 2 and 4 um, respectively,
probed in AFM Nano IR in Fig. 3i. This is attributed to the fact that once
the epoxy resin is infused, we expect that a number of CNTs’ (with CNCs
attached) tails flow through the epoxy matrix while the head is bonded
to the carbon fiber surface. Since our epoxy system (INF-114) is digly-
cidyl ether bisphenol A based, the functional groups of CNCs (e.g., hy-
droxyl groups and half-ester sulfate groups) react with epoxides and
form covalent bonding that generates strong interactions with the epoxy
matrix [71]. As a result, a number of CNTs (with CNCs attached) act as
nanobridges between carbon fiber and epoxy and several of them
disperse through the matrix. This allows to achieve both interfacial
enhancement and toughening of the composite system. A significant
IFSS enhancement in CNC-CNT modified CFRPs is associated with the
synergetic effect of CNC and CNT and that is both chemical (from
abundant side groups of CNC and C—O bonds, see Fig. 3h) and me-
chanical (presence of stiff CNTs) modification at the interphase as well
as extended interphase (4 pm, Fig. 3i). Hence, presence of CNC enhances
the material properties by two parallel mechanisms: (a) increasing the
interfacial adhesion between the fiber and matrix, and (b) infusing the
CNC-CNT into the epoxy. It is shown that the CNC-CNT coating on CF is
able to provoke enhancements in the interfacial strength comparable to
more intense modifications including plasma treatment [72], and
considerably higher values compared to commercial sizing agents [73].

3.3. Mode I and II interlaminar fracture toughness — Delamination
resistance

The DCB and ENF test results were analyzed to study the crack
initiation and propagation of CFRPs with different coated fibers. Fig. 5
shows the mean values of mode I and II interlaminar fracture toughness
(energy required for delamination) at crack initiation and propagation

and the corresponding load-displacement. Major forms of energy
dissipation that occur during the delamination of fiber composites are
matrix deformation, fiber bridging, interfacial debonding, fiber pull-out,
and fiber breakage (see Fig. 6). The delamination resistance in both
mode I and mode II for all the coated fiber composites is notably higher
compared to uncoated CFRPs. The company of CNC and CNT results in
an improvement greater than individual CNC or fCNT in the increase of
energy onset for both interlaminar crack initiation and propagation in
mode I and mode II (see Fig. 5a and 5d). In addition, Fig. 5¢c and 5e show
that the initial slope of load-displacement curves in both mode I and II
increase as the interfacial strength is improved (see Fig. 4). Fig. 6 depicts
the toughening effects and mechanisms during mode I and II delami-
nation of CFRP composites, and schematically represents the common
patterns during the crack propagation.

As shown in Fig. 5c and 5e, the load required to initiate crack under
mode I and II delamination is considerably altered with the change of
the interphase. The increase in the maximum experienced load level
under mode I delamination are 35%, 24%, 83%, for CNC, fCNT, and
CNC-CNT modified CFRP composites, respectively. A similar trend is
observed for mode II, where the percentage increases are 21%, 25%, and
45% for CNC, fCNT, and CNC-CNT, respectively (Fig. 5e). The required
load for mode I and II crack initiation are governed by the extent of
micro-cracking in the resin around the insert tip. Hence, the observed
improvement can be attributed to the change in the pattern of micro-
crack growth at crack tip and the increased size of fracture process zone
in different specimens, which also decreases the stress intensity at the
crack tip, and provides a more efficient load redistribution far from the
crack front. This is also reflected in the improved mode I and II crack
initiation fracture toughness (Fig. 5a and 5d). The observed increase in
the mode I fracture toughness at crack initiation (Gc, initiation) are 71%,
50%, and 183% for CNC, fCNT, and CNC-CNT, respectively, compared
to uncoated ones. The corresponding increases for mode II fracture
toughness at crack initiation (Grc, initation) are 18%, 29%, and 75%,
respectively, compared to that of uncoated composites. The slightly
higher mode I fracture toughness in the CNC compared to fCNT indicates
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error bars depict the standard deviation.

that, similar to IFSS, improved fiber-matrix adhesion by CNCs is able to
offer a relatively higher contribution in increasing the mode I crack
initiation tolerance. This trend is reversed for mode II, where fCNT
shows a higher crack tolerance. This is attributable to the relatively
higher increase in the initial mode II delamination stiffness (Fig. 5e),
caused by the restricting effect of stiff f{CNTs in the interphase. The
significant improvement of all delamination resistance properties for the
CNC-CNT is due to the enhanced fiber-matrix chemical interaction by
CNC as well as contribution of CNTs and CNCs in mechanical inter-
locking and thus building a stronger bonding across CF-CNC-CNT-epoxy.
The locally toughened regions in the interphase are expected to arrest or
deflect the initial microcracks (Fig. 6), which increases the tolerance of
the main crack to initiate.

The increase in the mean values of mode I interlaminar fracture
toughness during propagation (Gic, propagation) Were 50%, 78%, and
157%, for CNC, fCNT, and CNC-CNT, respectively (Fig. 5a). In addition,
Fig. 5b shows the obtained Gj¢ values with respect to crack extension

under mode I delamination. It is evident that Gy value of all cases in-
crease gradually and tend to stabilize once the crack length reaches 65
mm. This steady fracture toughness is mainly due to the stabilization in
the number of bridging fibers per unit crack area. It is noted that ENF
test provides the mode II fracture toughness only for the crack initiation
and therefore, crack propagation in mode II is not reported. The com-
mon ‘stick-slip’ response was observed for all the mode I specimens
during the crack propagation (Fig. 5¢); this response is due to presence
of locally tough regions during the delamination that retards the crack
growth until the elastic energy builds up again and initiates the next slip.
It is evident that the steady state crack propagation values of mode I
interlaminar fracture energy are higher compared to the corresponding
initiation values. This considerable difference is mainly due to the
effective contribution of crack resisting phenomena associated with fi-
bers, especially fiber bridging, during the propagation (Fig. 6). Due to
the extensive fiber bridging in mode I fracture of CFRPs, the load typi-
cally reaches a plateau for all the specimens (Fig. 5¢). The increase in the
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deflection patterns.

interfacial strength is expected to not only enhance fiber-related
toughening mechanisms, due to the enhancement in crack deflection
to the neighboring layers, but also provides a more effective toughness
transfer from the polymer matrix. The improved fiber matrix strength
provides the chance for the matrix to experience higher levels of stress
during the crack propagation, which gives rise to energy-dissipating

events in the matrix, including enhanced plastic deformations.

The mean value of interlaminar fracture energy in mode I during
steady state crack propagation increased from 443 J/m? for the CFRPs
with uncoated fibers, to 1142 J /m? for the CNC-CNT CFRPs (see Fi g. 5a),
which can be correlated to physicochemical modification and enhanced
IFSS (see Figs. 4 and 7). The modification of the interphase by CNC alters
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propagation (green), and mode II interlaminar fracture toughness, Gy (orange). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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the crack propagation tolerance almost similar to the f{CNT case. Further,
it is observed that the CNC-CNT synergy in the fiber-matrix interphase is
capable of enhancing the fracture toughness almost equivalent to
interleaving thermoplastic veils into the carbon/epoxy composites
[74,75], and higher compared to employing individual CNTs in the
interlayer region [76]. Despite the interfacial strength and crack initi-
ation tolerance, where fCNT showed slightly lower improvement
compared to the CNC, the CFRPs with f{CNT show higher energy dissi-
pating capability during the mode I crack propagation. This is attrib-
utable to the better contribution of long, stiff f{CNTs (x10 longer than
CNC’s) in provoking toughening mechanisms in the interphase
including nano-bridging effect and crack deflection (Fig. 6). It is noted
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that fCNT and CNC-coated fibers are both expected to promote shear
yielding in the epoxy at the vicinity of the crack tip. The inadequate
fiber-matrix bonding in the uncoated carbon fibers, however, is not able
to provoke crack-resisting phenomena, which is characterized by
smooth interlaminar fracture surface. The synergy of CNC and CNT
shows to improve crack propagation tolerance more than individual
CNC and fCNT. This is due to the presence of toughening effects arising
from both CNC and CNT, i.e. the improved fiber-matrix adhesion by
CNCs, and toughening effects associated with CNTs. This combination,
as will be shown in section 3.3, results in a more pronounced deviations
in the crack path during the growth, which will increase the effective
fracture surface during the delamination, and with the expense of extra
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Fig. 8. Mode I propagation region of a) uncoated, b) fCNT, ¢c) CNC and d-e) CNC-CNT coated CFRPs.
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fracture energy. Enlarging the size of the process zone at the crack tip
accompanied by promoted crack arresting regions, will in fact increase
the main crack’s chance to deviate and pass through neighboring layers
(see Fig. 6). These changes in the plane of the main crack front will also
increase the number of involved fibers during the subsequent mode I
crack opening, which results in a great energy dissipation.

The improved interfacial strength shows to considerably increase the
crack initiation and propagation tolerance. Fig. 7 shows the correlation
between the interfacial shear strength, IFSS, mode I crack initiation and
propagation fracture toughness, Gic, initiation and Gic, propagation, and mode
II interlaminar fracture toughness G, initiation- It is seen that the
improvement in the fiber-matrix interaction increases the interlaminar
fracture energy by almost a linear trend. This is a result of enhanced
toughening contributions of both the fiber and the matrix during
delamination, which changes the interlaminar fracture characteristics.
This also indicates the significant space that exists in the CFRPs for
improving the fracture toughness by enhancing the chemical and me-
chanical interactions between the fiber and matrix.

3.4. Fracture surface morphology

The fracture surface of the propagation region in post-mortem DCB
and ENF specimens was evaluated by SEM. Fig. 8 a-f presents the frac-
ture surfaces of uncoated, CNC, fCNT and CNC-CNT coated CFRPs.
Smooth fracture surface of the uncoated samples indicates that the crack
initiation and propagation mainly occur in the midplane with minimum
interruption as presented in Fig. 8a. Compared to uncoated specimens,
CNC fracture surfaces in Fig. 8b present fiber bridging and crack
deflection to the adjacent layers. In the high magnification SEM image of
Fig. 8b, the resin residue on the fiber suggests the improved interfacial
interaction of CNC-enabled CF and epoxy. Similarly, the fCNT fracture
surface exhibits significant fiber imprints and resin plastic deformations,
showing the toughening by long and entangled fCNTs (Fig. 8c). CNC-
CNT coated CFRP specimens show a rougher fracture surface
compared to that of CNC and fCNT coated CFRP composites (Fig. 8 d-e).
Relatively, more notable fiber bridging and breakage as well as plasti-
cally deformed regions are evident. Crack path deflection due to the
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improved fiber-matrix adhesion can promote CNT bridging effect and
increase the number of broken CNTs during the delamination. Trans-
verse cracking due to crack deflection will also considerably increase the
fracture surface area. In the case of CNC-CNT coated CFRP specimen, a
fibrillated feature appeared (see Fig. 8e), indicating accumulated shear
cusps due to extensive plastic deformations. This feature can be attrib-
uted to the bridging of entangled CNTs during the delamination, sug-
gesting that the interaction of CF and CNTs makes the CNC-CNT-CFRP
composite tougher compared to that of f{CNT-CFRP. The extent and
presence of different modes in failure results in consumption of addi-
tional energy and retard delamination to higher stress level (see Fig. 5b).
The fracture surface of the initiation region of post-mortem samples
tested in mode I exhibits a similar trend (see Fig. 9). Uncoated (Fig. 9a)
specimen shows minimal crack deflection compared to those of CNC
(Fig. 9b), fCNT (Fig. 9¢) and CNC-CNT (Fig. 9d). For the case of CNC-
CNT, the unique fibrillated microstructure consisting of packed shear
cusps is observed (see Fig. 9d and 9e). In addition to bridging effect of
CNTs and better interfacial adhesion due to the presence of abundant
—OH groups of CNCs, we hypothesize that the CNC-CNT at the inter-
phase creates a resistance to crack initiation under mode I, which is
manifested in the form of multiple and consecutive shear cusps.

Similar features are observed on the mode II fracture surfaces, as
shown in Fig. 10. The fracture surface in the uncoated case shows crack
deflection and more pronounced plastic deformation e.g., echelon shear
cracks, and fiber imprints compared to mode I (Fig. 10 a-b); however, it
is still relatively smooth compared to that of CNC (Fig. 10 e-f) and fCNT
(Fig. 10 c-d) coated CFRPs. fCNT coated specimen shows more surface
roughness and echelon features than that of CNC, probably due to effects
provoked by long fCNTs. The more noticeable shear cusps in f{CNT and
CNC-CNT coated CFRPs (Fig. 10 f-h) compared to CNC-coated indicates
the role of the CNTs and their entanglement contribution under shear
deformation. It should be noted that roughness of fracture surface is an
important factor in the mode II crack propagation, where a considerable
portion of the shear load is carried by the friction and interlocking of
asperities on the fracture surface behind the crack tip [77]. A schematic
illustration of this effect can be seen in Fig. 6.
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4. Conclusion

This work presented an experimental study on the relation of carbon-
epoxy interphase physicochemical features and the interlaminar frac-
ture toughness. Modifying the carbon fiber surface showed to signifi-
cantly change the delamination response of fabricated laminates. It was
shown that improved interfacial interaction, mainly chemical bonding
and mechanical interlocking, between fiber and matrix increases the
interfacial shear strength and promotes active toughening mechanisms
associated with both fiber and matrix, which increases the interlaminar
fracture toughness. Results indicate that chemical engineering of the CF
surface by CNC is able to improve the interfacial strength and inter-
laminar crack resistance almost equivalent to the fCNTs. The improve-
ment in chemical bonding of carbon fiber and epoxy aroused
considerable crack deflection during the delamination, triggering addi-
tional energy dissipating phenomena. Investigations on the width of the
interphase zone revealed that CNC-CNT coating effectively widens the
interphase zone from ~ 0 in uncoated CFPS to 4 um in CNC-CNT-CFRP,
which provides a more efficient load transfer between the fiber and
matrix. In fact, CNC not only increases the interfacial adhesion between
the fiber and matrix, but also helps the CNC-CNT to infuse into the
polymer matrix enhancing the polymer matrix properties. Accordingly,
crack initiation resistance was considerably improved due to the
changes in the micro-cracking response in the vicinity of the crack tip.
The capabilities of CNC-CNT synergy, which combines chemical features
of CNC with mechanical features of CNT, showed the highest improve-
ment in the IFSS by 76%, in the Gic nitiation Py 183%, Gicpropagation DY
157% and Giyc,initiation By 45%, indicating the great potential of using
hybrid nanostructures in engineering the carbon-epoxy composites. Our
results show that using hybrid nanomaterials with different geometries
and material properties allows engineering the physicochemical prop-
erties of the interphase effectively and synergistically enhance the
interfacial and interlaminar strength in fiber reinforced polymer
composites.
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