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Improving the fracture and post-cracking toughness of carbon fiber-reinforced composites based on thermoset-
ting epoxy matrices are of significant interest in a wide range of applications. Herein, we report the synergistic
integration of multi-scale composites by combining nano-scale filler and macro-scale fiber reinforcement inspired
by the hierarchy approach. For the nano-scale filler, the carbon black (CB) surface was successfully modified
using ozone treatment and thereby achieved highly efficient dispersion and interfacial properties. The rein-

forcing mechanisms were also analyzed, and the improvements on dispersion and interfacial properties should
mainly be attributed to mechanical interlocking effect. For all of the multi-scale composites fabricated, the
ozone-functionalized CB content was found to be optimal at 5wt%, which improved the fracture and post-
cracking toughness by 12.5% and 61.9%, respectively, compared with pristine CB.

1. Introduction

In recent decades, carbon fiber-reinforced polymer composites
(CFRPs) have been used extensively in the aerospace and automobile
industries because of their high stiffness, excellent tensile strength, low
weight, and high thermal stability [1-4]. However, a long-standing
problem with epoxy resins widely used in engineering structures as a
matrix phase in CFRPs is their relatively low fracture toughness, which
results in poor resistance to crack propagation [5-7]. Many strategies
have been developed to overcome this problem and one of the most
popular is a multi-scale structure, which is a promising chemical
approach that provides superior performance in synergistically inte-
grated nano-scale materials and macro-scale fibers in composite appli-
cations. Recent researches by many professionals have reported that
incorporating carbon nanotubes [8,9], cellulose [10], nano-silica [11,
12], graphene, and graphene oxide [13-15] into epoxy matrix can
enhance the fracture toughness. Thus, enhancing the hierarchy structure
between carbon fibers (CFs) and the epoxy matrix with various
nano-scale fillers is critical.

It has been demonstrated that carbon black (CB) is an ideal candidate
for the selective reinforcement of CF-epoxy matrix interfacial regions
owing to its outstanding thermal, electrical, and mechanical
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performance [16-19]. It as a kind of carbon material that has a micro-
crystalline structure with carbon atoms forming hexagonal planes in a
manner similar to graphite [20,21]. The hexagonal planes are basal and
prismatic, with prismatic having higher activity than basal, which
means that functional groups can be easily generated at edge sites.
However, there is a lot of van der Waals force between CB particles, thus
leading to very strong interactions. Thus, the scope of CB application in
practical devices has been largely hampered by their poor dispersion
within the polymer resin and to address this problem, much effort has
been made to enhance the workability of CB. Several recent studies have
verified that surface functionalization [22,23] and use of a variety of
dispersing agents [24-27] were developed to overcome these
challenges.

As is well known, plasma treatment and high concentration acid has
shown promising results to attach oxygen groups onto nano-scale ma-
terial surfaces. However, it has been reported that damage/defects are
unavoidably introduced onto the nano-scale material surfaces when
exposing nano-scale materials to plasma irradiation [28]. In addition,
the acid treatment requires strong acids or harmful chemical substances
and generally results in low yield, and consequently, the nano-scale
materials contain traces of undesirable chemicals and thus require
further refining [29]. For dispersing agents, to prepare multi-scale
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composites with a homogenous dispersion of CB, the epoxy matrixes are
requested to be water-soluble or emulsible. In other words, even though
CBs can be dispersed in water at the aid of surfactants or copolymer, it is
still difficult to uniformly disperse CBs within the epoxy matrix.
Although these different methods have demonstrated to be efficacious,
they still have some demerits when applied in pragmatic applications.

Ozone surface treatment is considered to be an effective method
because it can easily provide ozone-rich single oxygen radicals in an
oxidizing atmosphere without incurring structural damage [30-32]. In
addition, modifying nanofillers with ozone is a relatively easy, low cost,
and highly efficient method [33]. Arnault et al. [34] modified the sur-
face of nanodiamonds using ozone and revealed a higher oxygen con-
centration at the nanodiamond surfaces with abundant hydroxyl and
carboxylic acid groups. Meanwhile, Sham et al. [35] demonstrated that
ozone surface treatment can improve the dispersion of carbon nanotubes
in an epoxy matrix and accelerate the chemical reaction with the epoxy
resin. Nevertheless, there have not yet been any studies devoted to
research on CFRPs with ozone-modified CB.

The aim of the present research was to study the influence of
incorporating ozone-modified CB on the fracture and post-cracking
toughness of conventional multi-scale composites. The chemical and
morphological changes of ozone-modified CB were investigated. We
prepared specimens with different nanofiller content to compare the
synergistic effects in the fabricated multi-scale composites. Meanwhile,
extending such ozone technology to modify the CB surface could provide
a promising approach to the tailoring of desired interfacial properties in
multi-scale composites. In addition, this simple method could be bene-
ficial in civil & structural engineering application.

2. Experimental
2.1. Materials

The CFs used in this study were commercial, woven-type (WCF, T-
300 grade; Toray Industries Co., Japan). The diglycidyl ether of
bisphenol A with an epoxide equivalent weight of 185-190 g-eq ' and a
density of ~1.16 gm > at 25 °C was supplied by Kukdo Co., Korea. The
curing agent 4,4’-diaminodiphenylmethane (DDM) was purchased from
Tokyo Chemical Industry Co., Japan. In addition, the nanofiller CB
(N330; particle size: 30-40 nm) was purchased from OCI Co., Korea.

2.2. Ozone surface treatment of CBs

To perform the ozone functionalization of CB, a flow of diluted ozone
was controlled from an ozone generator (Ozonetech Co, Lab -Series,
Korea) using pure O as the gas source: generator parameters were set to
220V and 60 Hz to generate ozone from oxygen gas, and ozone was
generated at 8 g/h under 0.08 MPa with a gas flow of 0.81/min carried
out at room temperature for 4h [36]. The ozone-treated CB were
denoted as OCB.
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2.3. Fabrication of multi-scale composites

Fig. 1 illustrates the multi-scale OCB/CF/epoxy composite fabrica-
tion process. The multi-scale composites were prepared by the following
procedure: CB or OCB (1, 3, 5, or 7 wt%) was disperse in acetone, then
mixed with epoxy resin and mechanically stirred for 1 h. Thereafter, the
mixed OCB/epoxy matrix was heated in a vacuum oven at 120 °C for
50 min to evaporate the acetone. A curing agent (DDM) was then added
to the OCB/epoxy mixture, followed by vigorous stirring. When the
curing agent was dissolved, the mixture was degassed at 60°C in a
vacuum oven for 30 min to remove the bubbles. Planetary mixing was
applied as an efficient method to produce bubble-free composites with
uniform nanofiller dispersion at high filler loading. These procedures
were repeated twice, and then the resulting mixtures were prepared by
continuous impregnation of the CFs using a 3-roll milling machine for
manufacturing woven-type prepregs. Following this, the woven-type
prepregs were cured by heating to 80 °C for 30 min, then to 120 °C for
20 min, and to 160 °C for 20 min, and finally post-cured at 180 °C for
2h. We denoted the specimens of CB/CF/epoxy multi-scale composites
and OCB/CF/epoxy multi-scale composites as CCE and OCE,
respectively.

2.4. Characterization

X-ray diffraction (XRD; PHASER, Bruker Co., Germany) analysis was
performed at ambient temperature, and from 5 to 90° (26) at a rate of
5° min"~!. For Fourier transform-infrared vacuum spectrometry (FT-IR;
Vertex 80V, Bruker Co, USA), the OCB was pressed into pellets with
potassium bromide (KBr) and scanned with radiation ranging from 800
to 4000 cm L. X-ray photoelectron spectroscopy (XPS; K-Alpha, Thermo
Co., USA) analysis was performed with monochromated Al Ka radiation
(1486.6 eV) as the X-ray source for excitation. The surface morphology
of the prepared OCB was investigated using field emission transmission
electron microscopy (FE-TEM; JEM-2100F, Jeol Co., UK). High-
resolution scanning electron microscopy (HR-SEM; SU8010, Hitachi
Tech Co., Japan) was used to observe the morphology of the fractured
surfaces of the specimens after spray-coating with platinum.

2.5. Testing of the multi-scale composites

To evaluate the effect of adding OCB on the interfacial properties of
the multi-scale composites, their contact angles (CAs) were measured
using the sessile drop method on a Ramé-hart CA instrument (Phoenix
300, Ramé-hart Instruments Co., Korea). At least 15 valid tests were
carried out and the mean value with a standard deviation below 2° is
reported for each composite specimen. CA data using three basic liquids
are given in Table S1.

The fracture toughness (Kjc) of the composite specimens was
measured with a Universal Testing Machine (LR30k, Lloyd Co., UK)
using a three-point bending test in compliance with ASTM-E399. K¢ for
the composite specimens is calculated as [37,38]:

Woven-type OCBs/epoxy
CFs mixed resin

Curing under
hot press

—

Impregnated in the steel mold

OCB/CF/epoxy multi-scale
composites

Fig. 1. A schematic representation of the OCB/CF/epoxy multi-scale composite preparation process.
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where F (N) is the critical load at the crack fracture composite specimen
at a distance of L (mm) induced span supports, b and d (mm) are the
width and the thickness of the composite specimen, respectively, and

vy 3a/d"?[1.99 — (a/d) (1 —a/d)(2.15 — 3.93a/d + (2.7a* /d*)] @
2(1 + 2a/d)(1 — a/d)*”
where a (mm) is the notched length. The notched length was cut using a
universal diamond cutting machine (USCM; DYD-302, Daeyeong Co.,
Korea) to approximately half the depth of the composite specimen.

Short-beam three-point bending tests (ASTM D-2344) were used to
evaluate the interlaminar shear strength (ILSS) of the specimens calcu-
lated as [39,40]:

3F

ILSS = T 3)

where the parameters are the same as for Kjc.
3. Results and discussion
3.1. Characterization of the OCBs

The XRD patterns of all the CB samples are shown in Fig. 2(a). The
diffraction pattern of CB shows two broad peaks corresponding to the
(002) and (100) planes of the graphite structure, respectively, implying
that it is an amorphous carbon material with small regions of crystal-
linity due to graphitic crystallites of carbon [41,42]. Moreover, the
diffraction pattern of OCB was similar to that of CB, indicating that they
had the same crystalline structure and the interplanar spacing of the
samples remained the same. Thus, it can be mean that the ozone
oxidation process did not change the general crystalline structure of CB.

Fig. 2(b) shows the FT-IR spectra of CBs and OCBs. After ozone
treatment for 4h, new peaks could be observed at 1714.8 and
1378.4cm ™}, which are attributed to the C=0 and C-OH stretching
vibrations of the carboxyl group (-COOH), respectively [43]. The peaks
at 1109.3 and 2921.4 cm ™! correspond to the expected C-O and C-H
stretching vibrations, respectively, as confirmed by the decrease in the
C-C band at 1624.5cm ™ [44,45]. XPS was performed and relative
analysis to further confirm the surface composition and chemical status

(a) (b)

Composites Part B 177 (2019) 107379

of OCB. The XPS spectra and subsequently detected atomic concentra-
tions of C and O at the CB and OCB surfaces are presented in Fig. 2(c).
The O/C ratios of the CB and OCB samples were 0.14 and 0.27 at%,
respectively, which confirmed the effectiveness of the ozone process in
generating oxygen functional groups on the CB surface.

In addition, the C 1s and O 1s core level peaks were deconvoluted,
the results of which are shown in Fig. 3(a) and (b), respectively. Fig. 3(a)
shows the C 1s deconvoluted peaks at 284.4, 285.8, and 287.7 eV, cor-
responding to the C-C, C-O and -O-C=O0 groups, respectively [46,471,
while Fig. 3(b) shows the O 1s deconvoluted peaks at 531.2, 532.5, and
533.8eV, corresponding to the C=O, -O-C=0O, and C-O groups,
respectively [46,48]. From the results, the OCB was found to have more
carboxylic functional groups on the outer surface compared to the CB.
These results are reflected consistently with the above-mentioned FT-IR
data.

3.2. Morphology of the OCBs

The difference in surface morphology between the CB and OCB can
be observed in Fig. 4(a) and (b). The existence of grooves along the
amorphous sidewalls of the OCBs, and ozonization was observed to in-
crease the damage on the OCB surface. This is because the ozone began
at the outer layer and progressively removed some of the amorphous
sidewalls of the CB through continuous oxidation. In addition, the CB
and OCB particle-size distributions were compared via dynamic light
scattering; both CB and OCB samples were prepared using ethanol under
the same colloidal solution conditions and sonicated for 20 min before
characterization. The mean diameter of CB was 172nm (Fig. 4(c)),
which is around 5 times higher than the diameter of the primary par-
ticles (30-40nm). In addition, OCB had a particle-size range of
37-45nm with an average of 41 nm (Fig. 4(d)). The oxygen molecules
adsorbed onto the OCB surface not only decreased the surface tension
but also prevented large aggregates by overcoming the van der Waals
attraction, thereby maintaining excellent dispersion stability. This is
similar to the specified size of the primary particles, which proves that
the ozone process was efficient at reducing the aggregation of the CB
particles.

3.3. Interfacial properties of the OCE multi-scale composites

The surface free energy of the multi-scale composites is directly
related to the fracture behavior, which is directly correlated to practical
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Fig. 2. Characterization of CB and OCB: (a) XRD, (b) FT-IR, and (c) high-resolution XPS spectra.
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Fig. 3. Characterization of CB and OCB: (a) C 1s and (b) O 1s core level XPS spectra.
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Fig. 4. Surface morphology of CB and OCB: respective FE-TEM images (a), (b) and particle-size distributions (c), (d).

adhesion. According to Owens [49], Kaelble [50], and Fowkes [51], the
total surface free energy of a multi-scale composite is often divided into
two types of component: specific polar (Keesom’s orientational force,
Debye-inductive polarization, dipole-induced dipole, hydrogen
bonding) and dispersion (London forces). To obtain accurate surface free
energy information for the multi-scale composites, these values are
calculated based on the CA between the solid and liquid for known
surface free energy values:

r=r"+r", 4

where y is the surface free energy, y* is the dispersion components, and
5P is the specific polar component [51] and

ye(l+cos ) = 2(\/7?% + \/7?’-72”), ®)

where 6 is the CA of the liquid droplet, subscript L represents the liquid,
and subscript S represents a solid [52]. Using three test liquids with Egs.
(4) and (5), one can accurately determine the surface free energy with
the following equation [53]:

}'L(1+COSH)_ sp \/ﬁ L.
V() ©

The surface free energy results for the multi-scale composites
calculated from Eq. (6) are reported in Table S2 and shown in Fig. 5(a).
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The surface free energy of the OCE multi-scale composites showed an
obvious improvement in comparison with that of the CCE multi-scale
composites. As presented in Fig. 5(a), the total surface free energy of
the CCE multi-scale composites reached roughly from ~44.5 mJ m 2 to
a maximum of ~48.7 mJm~2. While, OCE multi-scale composites, as
expected, the surface free energy increased much more, ranging from
~45.1mJm~2 to ~51.3mJ m~2, indicating that OCB is more compat-
ible with epoxy resin and CFs. Besides, the contact angles decreased up
to ~50.7° for distilled water (Fig. S1), indicating that among the inter-
facial properties of OCE multi-scale composites, the specific polar
components on the surface free energy had a greater effect than the
dispersion component [54]. In the context of the previously mentioned
FT-IR and XPS study results, we found that OCB gave an increase in
oxygen functional groups supplied by ozonization, which could have
been the main contribution toward the enhanced specific polar com-
ponents [55,56].

ILSS is one of the best measurements for determining the interfacial
strength: it is a critical indicator of the interfacial adhesion of the epoxy
matrix and CFs and reveals shear properties that depend on interfacial
interactions in the matrix [57-59]. From Fig. 5(b), it is clearly shown
that the linear relationship between the surface free energy and the ILSS
could improve interfacial adhesion of the multi-scale composites. In this
evaluation, the ILSS value of the neat composites showed a low value
(21.7 MPa), which is as expected, and the CCE multi-scale composites
performed better than the neat composites, but there was still a limit to
their effects. Therefore, we suggest that the interactions in the OCE
multi-scale composite exert a considerable synergistic effect for
enhancing interfacial adhesion. Compared to the CCE-1 (24.6 MPa) and
CCE-3 (27.1 MPa) multi-scale composites, ILSS values of for the OCE-1
(26.7 MPa) and OCE-3 (28.9 MPa) multi-scale composites increased by
8.5% and 6.7%, respectively. In particular, the OCE-5 (35.7 MPa) and
OCE-7 (30.9 MPa) multi-scale composites showed significant increases
of 14.1% and 9.2%, respectively, compared with the CCE-5 (31.3 MPa)
and CCE-7 (28.3 MPa) multi-scale composites. The ILSS enhancement of
the OCE multi-scale composites could be attributed to the enhanced
surface free energy and dispersion between the OCB and the epoxy
matrix as well as the increased chemical interlocking caused by the
introduction of oxygen groups.

3.4. Fracture toughness of the OCE multi-scale composites

Commonly, the main ability of nanofillers as a reinforcing element in
an epoxy matrix is known to enhance Kjc, and is an important design
factor, particularly for multi-scale composites intended for application
in the civil and structural engineering industries [60-64]. The me-
chanical properties including Kjc and load-deflection were studied for
both CCE and OCE multi-scale composites to evaluate their effective-
ness. Fig. 6(a) shows the K¢ results to evaluate the overall mechanical
properties of the multi-scale composites. Clearly, all of the OCE
multi-scale composites showed significant improvement in K¢
compared to the CCE multi-scale composites. Compared with the CCE-1
(61.3 MPam'/?) and CCE-3 (75.8 MPa m'/?) multi-scale composites, the
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Kic values of the OCE-1 (70.5 MPam'/?) and OCE-3 (83.3 MPam'/?)
multi-scale composites increased by 15.0% and 9.9%, respectively. In
addition, the OCE-5 multi-scale composite (95.7 MPa m'/?) increased
significantly to 12.5% compared with the CCE-5 multi-scale composite
(85.1 MPam'/?). However, when the CB or OCB content reached 7 wt%,
a large number of aggregate points were generated inside the multi-scale
composites regardless of the type of nanofiller used. These acted as
defects and degraded the Kj¢. It should be highlighted that a higher
value of fracture toughness can be obtained by increasing the CB content
within a reasonable dosage range.

In addition, the improvements in Kj¢ achieved by the addition of the
OCB in this work are compared with the previously reported values for
epoxy-based composites containing different types of CBs. The im-
provements in the values of Kjc are normalized based on the type of
unmodified epoxy composites (neat) used within the present work and
reported in the literature [65-72]. The obtained maximum percentage
value was improved compared to other epoxy-based composites re-
ported in the literature, as shown in Table 1, demonstrating the superior
efficiency of the composites prepared herein.

We observed the post-cracking toughness in more detail to study the
fracture mechanisms acting on the multi-scale composites. Fig. 6(b)
shows the load-deflection curves of the neat composites, CCE-5, and
OCE-5 multi-scale composites according to Kjc. Generally speaking, the
fracturing of multi-scale composites can be divided into the crack
initiation and propagation stages. As can be seen in Fig. 6(b), A is the
crack initiation stage (showing a linear response curve for Kic) and B
denotes the crack propagation stage (showing a non-linear response
curve). The post-cracking toughness of the multi-scale composites can be
evaluated by the toughness index (TI) calculated as

_A+B

TI
A

7

The neat composites had the smallest TT values (1.3) without a non-
linear response, and thus showed general brittle fracturing (low tough-
ness), which is as expected. In addition, the TI values of the CCE-5 and
OCE-5 multi-scale composites were 2.1 and 3.4, respectively, which
means that the latter needed more energy during fracturing. These re-
sults suggest that additional energy absorption mechanisms were active
when the OCB particles were dispersed into the matrix which could
increase both Kjc and post-cracking toughness of the multi-scale
composites.

Fig. 7 depicts the schematic of the fracture mechanisms to directly
disclose the fracture and post-crack toughness of the multi-scale com-
posites. As crack opens, processes shown in Fig. 7(a) and (b) can occur,
depending on the dispersion and the interfacial adhesion of CBs. For CCE
multi-scale composites (Fig. 7(a)), the crack tips can directly contact the
fiber surface due to poor dispersion and adhesion in the interface. As a
result, the composites can crack easily under a low fracture. On the other
hand, in case of an OCE multi-scale composites, a complete rupture of
CBs or forming pull-out of the inner CBs can occur. (Fig. 7(b)). There-
fore, the achievable fracture and post-crack toughness would have been
substantially higher and can be related to dispersion and interfacial
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. 5. Interfacial properties of the CCE and OCE multi-scale composites: (a) surface free energy, (b) ILSS.
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Table 1

Comparison of Kjc values of the OCE multi-scale composites measured in this
work with reported values in the literature.

Refs. Nanofiller Filler contents KIC improvement
(Wt%) (%)
This work OCB 5.0 70.8
Gojny et al. [65] CB 0.1 18.5
Lachman et al. CB 0.3 5.9
[66]
Gojny et al. [67] CB 0.3 32.3
Kim et al. [68] CB 3.0 23.0
Zhang et al. CB/copper chloride 2.5 14.4
[69] hybrid
Hsiehetal. [70]  CNT 0.5 42.0
Ma et al. [71] CB/CNT hybrid 0.2 57.1
Baltzis et al. CB/CNT hybrid 2.5 61.0

[72]

adhesion between CBs and matrix, which raises the dominance of a
crack bridging mechanism. Some evidence for these crack bridging
mechanisms could be validated on the fractured surfaces presented in
the next section.

Fig. 8(a—f) displays SEM images of the fractured surfaces of the neat
composites, CCE-5, and OCE-5 multi-scale composites. As shown in
Fig. 8(a) and (d), SEM images of the neat composite show a relatively

68

Fracture
—

04— Aggregation
EP

CFs

smooth cracked surface of typical brittle fracture mode patterns with
regular crack growth. By contrast, the CCE-5 multi-scale composites
exhibited a rougher fractured surface (Fig. 8(b) and (e)), and in com-
parison to the neat composite, showed crack tip arrest and a change in
the crack propagation direction, resulting in higher energy absorption
capability. However, CCE-5 multi-scale composite’s very rough aggre-
gated fractures due to non-homogeneous dispersion of CB, and a closer
examination revealed that it was difficult to find pull-out or bridging in
the CB-epoxy matrixes. In addition, fractures occurred at low stress due
to the low interfacial adhesion between the CB and the matrix, which
failed to efficiently support the load of the CFs. On the other hand, the
OCE-5 multi-scale composite was not only highly dispersed within the
epoxy matrix without large aggregations but also tightly embedded in
the epoxy matrix without de-bonding (Fig. 8(c) and (f)). In addition, this
provided visual evidence of the strong bonding between the epoxy
matrix and the OCB that resulted in minimal pull-out of the OCB. This
fracture pattern supports the findings of the highest levels of K¢ and
post-cracking toughness being associated with the best dispersibility and
interfacial adhesion.

4. Conclusions

In this study, ozone-functionalized CB nanofillers were utilized for
use as reinforcement in multi-scale composites. After ozone

(b)
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@ Carbon black (CB)
~+ _ Epoxy matrix (EP)

@ carbon fibers (CFs)

Fig. 7. Schematic description of crack bridging mechanism: (a) CCE multi-scale composites, (b) OCE multi-scale composites.
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Inha 15.0kV 10.7mm

Fig. 8. Fracture surfaces of CCE and OCE multi-scale composites: (a) neat, (b) CCE-5, and (c) OCE-5. (d), (e), and (f) are the magnified fractured surface of the closed

regions in (a), (b), and (c), respectively.

functionalization, the introduction of hydroxyl and carboxyl function-
alities on the CB surface significantly improved dispersibility due to
improved chemical interactions. In addition, they were incorporated
within the epoxy matrix to improve the interfacial adhesion within,
which consequently improved the interlaminar shear strength of the
multi-scale composites. For all of the multi-scale composites developed,
the ozone-functionalized CB content was found to be optimal at 5 wt%,
which was effective in improving fracture and post-cracking toughness
under the same load. However, the degradation of fracture toughness
with increasing CB content could be associated with particle aggregation
due to the strong van der Waals forces that usually develop between CB
particles. As such, our efforts could promote the conversion of multi-
scale composites into high-performance materials and offer more
rational guidance and fundamental understanding toward realizing the
theoretical limits of interfacial and mechanical properties.
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