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Abstract

In engineering applications, fracture toughness is an essential requirement that determines the life of a material. Epoxy
polymers are widely used in fibre-reinforced composite materials. Due to their structural efficiency and durability,
the use of adhesive and composite materials based on epoxy polymers is widespread in aerospace and automobile
industries. In this paper fracture toughness of hybrid epoxy polymer composite with addition of nano/micro figures of
silica, rubber and carbon nano tubes (CNTs) is evaluated. It is observed that silica addition promoted nano toughening
effect with plastically deformation capability in epoxies. Rubber and multi walled CNTs increased the toughness with
negligible reduction in stiffness in epoxies. Future research emphasis can be laid on crucial understanding of stress
transfer mechanisms and interfacial bond strength between nano particles — epoxy system and on nanofillers modified
epoxies as matrices or interleafs for carbon or glass fiber composites to increase the interlaminar delamination toughness.
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1. Introduction

Epoxy polymers are widely used in fibre-reinforced
composite materialst!). The use of adhesive and composite
materials based on epoxy polymers is widespread in the
aerospace, automobile and wind-energy industries due to
their structural efficiency!. Their outstanding temperature
resistance and durability to weathering, fuel, de-icing fluids,
etc. leads to them invariably being the preferred materials,
compared to acrylics and polyurethanes, for external aerospace
applications. Furthermore, their insulating properties, good
temperature resistance and ease of processing also allow
epoxy polymers to be used extensively in the electronics
and electrical components®?). However the limitations of
epoxies as structural materials are due to their poor resistance
to the initiation and growth of cracks. Thus, improvements
in their fracture performance are highly sought after by
industry. However there have been several researches on
thermoplastic and thermoset polymer to overcome these
drawbacks by modifying epoxy resins with integration of
various nanofillers as a second microphase, for advanced
composite applications>3l. An epoxy polymers based
composite material has numerous advantages as it offers
excellent mechanical properties and thermal stability™.
Hybrid polymer composites (HPC) are one of the recent
developments to reduce the cost of expensive composites
containing reinforcements like carbon fiber by incorporating
a proportion of cheaper, low-quality fibers such as glass,
textile, natural fibers, and nano figures like (silica, rubber,
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CNT, clay, graphene). A lot of work has been carried in past
to improve the fracture toughness of a polymer composite.
Most of the reviewed data in this paper are based on the
classification of incorporating different fibers, CNTs and
micro/nano size silica, rubber particles in the epoxy resin
as shown in schematic diagram Figure 1.

Following the above brief introduction, Section 2 presents
an overview of fracture toughness evaluation of epoxy resin
modified with silica nano and micro particles; Section 3
is concerned with fracture toughness behaviors of epoxy
resin modified by rubber particles, Section 4 deals with the
effect of fracture toughness of an epoxy resin modified by
different CNTs with varying wt.%. Section 5 describes the
recent development achieved towards fracture toughness
evaluation of different hybrid polymer composite. Section 6
concludes with research gap to address for some unattended
problem in hybrid polymer composite.

2. Overview of Fracture Toughness Evaluation of
Epoxy Resin Modified with Silica Nano and Micro
Particles

The use of silicate-based filler in polymer composite
has been a great interest for research as it improves the
mechanical properties, especially fracture toughness of
epoxies!2,

1/14


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-4880-4791%20
https://orcid.org/0000-0002-9478-8278
https://doi.org/10.1590/0104-1428.05720
https://doi.org/10.1590/0104-1428.05720

Cozza, R. C., & Verma, V.

epoxy
polymer

(DGEBA/F)

composite

curing| agents

rubber
(phr)

Figure 1. Materials used for toughening of epoxies.

Hsieh et al.l'! used four different epoxy polymers to
modify with silica (10-20 wt.%) nano particles. They are
anhydride-cured DGEBA (diglycidyl ether of bis-phenol
A), polyether-amine cured DGEBA/F (diglycidyl ether
of bisphenol F), and polyether-amine cured DGEBA and
amine-cured TGMDA (tetraglycidylmethylenedianiline).
Single-edge notch-bend (SENB) and double-notched four
point specimen have been conducted to observe the toughness
differences. Toughest material identified was polyether-amine
cured DGEBA/F epoxy posses low transition temperatures
(T,) and high molecular weight (M ). AFM phase images
of unmodified and epoxy polymers containing the silica
nanoparticles, are shown in Figure 2a, b. Unmodified epoxy
polymers showed as homogeneous thermoset polymers
whereas epoxy polymers having silica nanoparticles, exhibited
a very well-dispersed phase of silica nanoparticles, with no
indications of agglomeration.

Predominant toughening mechanisms in epoxy polymers
containing silica nanoparticles were identified as localized
shear bands initiated by the stress concentrations around the
periphery of the silica nanoparticles with debonding features
of the silica nanoparticles followed by subsequent plastic
void growth of the epoxy polymer. Bray et al.” modified
the piperidine-cured epoxy polymer by adding silica nano
particles of varying diameter. Toughness increased steadily
as the concentration of silica-nano particles was increased
with no significant effect of particle size being observed.
The toughening mechanisms were identified as the formation
of localized shear-band yielding in the epoxy matrix polymer
initiated by the silica nanoparticles, and debonding of the
silica nanoparticles followed by plastic void growth of the
epoxy matrix polymer as shown in Figure 3a, b.

It was observed that incorporation of nanomaterials in
the polymer matrix maintaining a homogeneous dispersion
and good adhesion is considered to be a highly effective
in improving the mechanical properties of resins®. Finite
element analysis can also be used to estimate the fracture
behavior of hybrid polymer composite (HPC)™. Epoxy-
functionalised toughening particles results in superior tensile,
compressive and impact properties which can be tested
fracture toughness testing methods like indentation strength
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method (IS), the single edge notched beam (SENB) and the
Chevron notched beam method (CN)*¢), The “nano” effects
of silica (< 25 vol.%) or rubber (> 10 wt.%) nanoparticles
in toughening epoxy resin are confirmed by Marouf et al.”..

Dittanet et al.!®¥ studied the effect of silica nanoparticle
content and particle size on glass transition temperature (7,)
coefficient of thermal expansion (CTE), Young’s modulus
(E), yield stress (s), fracture energy (G, ) and toughness (K, .).
The addition of silica nanoparticles does not have significant
effecton T, or yield stress of epoxy resin. The CTE (coefficient
of thermal expansion) values of nano silica filled epoxies
were found to decrease with increasing silica nanoparticle
content. The young’s modulus was found to be significantly
improved with the addition of silica nanoparticles & increased
with increasing fiber content. Particle size did not exhibit
any effect on the young’s modulus. The fracture toughness
& fracture energy showed significant improvement with the
addition of silica nanoparticles and increasing with increasing
filler material. Observation of the fracture surfaces showed
evidence of debonding of silica nanoparticles, matrix void
growth, and matrix shear banding, which are credited for the
increases in toughness for nano silica-filled epoxy systems.
Dittanet et al.”! formulated the epoxy mixtures of two different
size distributions of silica-based particles (micron-size
and nanometer-size) for possible synergistic toughening
effects. The influence of bimodal particle size mixture and
silica particle content on the glass transition temperature,
coefficient of thermal expansion, Young’s modulus, yield
stress, and fracture toughness, was investigated. Fracture
toughness improved by approximately 30% when mixtures
of microparticles and nanoparticles were used. The increased
fracture energy found in bimodal systems is mainly due to
the contribution from the plastic void growth mechanism, by
the silica nanoparticles, together with matrix shear banding.
Johnsen et al.l'” examined the toughening mechanisms of
epoxy/nanosilica composites using single-edge notch bend
(SENB) specimens. Fracture energy increased from 103 J/
m?to 291 J/m? at 4.0 wt.% loading, 182% increment. Further
increase in nano filler loading by 7.8 wt.% increased the fracture
toughness performance. SEM studies showed the presence
of debonding and plastic void growth as contributing factors
for the enhancement of fracture toughness. Blackman et al.['!!
investigated the fracture and fatigue performance of nanosilica
modified epoxy polymers. Interesting observations were
made by the authors when the loading of nanosilica was
increased progressively. An increment of 51.7% in fracture
toughness was observed in comparison with the neat epoxy.
Microscopic studies were performed to analyse the nature
of such enhancement. Debonding of nanosilica and plastic
void growth were the factors that essentially contributed
to the toughening mechanisms of the nanocomposite.
The effects of particle size and volume fraction on the
fracture toughness of epoxy composites filled with spherical
silica particles were investigated by Adachi et al.'?! and
found that the fracture toughness increased drastically as
the volume fraction increased and the particle diameters
decreased. Nano and micron-silica particles bidispersed
epoxy composites showed that the composites had a lower
fragility with higher strength and fracture toughness with
increase in nanoparticles!'3). Glass transition temperature
and fragility are found useful parameters for estimating
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0.138 v; of silica nanoparticles

Figure 3. (a) and (b) High resolution SEM images of the fracture surfaces for the epoxy polymers containing silica nanoparticles!'-?..

the fracture toughness of the silica particulate-filled epoxy
composites!'*!¥. Apart from mechanical properties epoxy
resins in the uncured state have relatively high viscosities!!!.
The viscosity of the uncured mixture must be sufficiently low
to permit the evacuation of air bubbles. Fracture mechanics
of'the epoxy composites revealed that crack growth depends
upon the intensity of stress at the tip of the crack!'?l. Effect
of particle size on the fracture behaviour of cured epoxy
resin filled with spherical silica particles showed that the
main crack propagation was hampered by large particles
and a damage zone was formed at the main crack tip region
in the large particle filled resin due to crack diversion and
debonding of particle/matrix interfaces!'”!®). It was found
that fracture surface morphology in unfilled and particulate-
filled epoxy resins under static loading was governed by
slow, sub-critical crack growth manifested by resin-particle
debonding!". Unfilled resins exhibited unstable (or stick-
slip) crack propagation at low and high cross-head speeds
whereas filled resins showed stable crack propagation at
all speeds in double torsion test techniquel”. The research
conducted on improvement of fracture toughness of epoxy
composite incorporated with nano or micro-sized silica
particles resulted in improvement of mechanical properties
of epoxy resins such as elastic modulus, hardness, impact
resistance and fracture toughness. Epoxy-nanocomposite
resins filled with 12 nm spherical silica particles decreased
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in cure and glass transition temperature (for loadings
of 10 wt.% and above) with increased silica loading??'..
Liang and Pearson® in their study found that no significant
differences in fracture behavior were observed between the
epoxies filled with different nano silica (20 nm or 80 nm
NS particles). Effect of silica nanoparticles on toughness
of two epoxy systems cured by Jeffamine D230 (J230)
and 4,40-diaminodiphenyl sulfone (DDS), improved the
toughness of J230-cured epoxy from 0.73 to 1.68 MPa.m'?,
and for the other system improved from 0.51 to 0.82 MPa.
m'23, Fracture behaviours of nanosilica filled bisphenol-F
epoxy resin investigated at ambient and higher temperatures
showed improved elastic modulus, microhardness, impact
resistance and fracture toughness of epoxy matrix with
increasing nanoparticle volume content as the nanoparticles
were almost homogeneously dispersed in epoxy matrix?4,
It was also shown that addition of 5 vol %. silica-nanoparticles
could improve the stiffness and the toughness of an epoxy
resin at the same time and the nano-reinforced material
behaved more ductile and showed a bigger yielding than
the pure epoxy®’l. Zhang et al.*®! found that the static/
dynamic modulus, microhardness, and fracture toughness
of the nanocomposites enhanced with increasing silica
content up to 14 vol.% (23 wt.%) due to homogeneously
distributed nanoparticles which improved both the stiffness
and toughness of the epoxy. Epoxy-silica nanocomposites
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produced by dispersing silica-organosol particles in TGDDM/
DDS resin mixtures resulted an increased interfacial adhesion
which improved fracture properties*”. Organophilic layered
silicates (OLS), modified by means of cation exchange,
were added in amounts of 5-15 wt.% to vinylester (VE)/
epoxy (EP) hybrid resins which formed interpenetrating
networks (IPN) after curing at 7= 150 °C, doubled the
fracture energy of the resins with 5 wt.% OLSP3. The type
of'the organic cation modification of the OLS had no effect
on morphology or toughness which was attributed to the
coarse dispersion of the OLS and its encapsulation by the
EP phase in the VE/EP hybrid resin®®. Fu et al.”” provided
areview on the effects of particle size, interfacial strength,
and filler loading on the elastic modulus, strength, fracture
toughness, and impact behaviors of polymer composites
containing nano/micro-size particulates. Rosso et al.**!
employed the well-dispersed silica nanocomposites for
tensile and fracture tests, indicating that the addition of 5
vol.% silica nanoparticles could improve the stiffness and
fracture energy to 20% and 140%, respectively. Guo and
LiP% performed compressive loading on the SiO,/epoxy
nano composites under different loading rates, revealing
that the compressive strength of the composites with silica
nanoparticles is higher than pure epoxy at higher strain
rates; nevertheless, there is no clear connection between
the compressive strength and the nanoparticle contents at
lower strain rates.

Summarising, the use of silica nanoparticles as an
effective toughening agent for epoxies which can plastically
deform and the nano toughening effect is confirmed in
silica/epoxy nano -composites. Crack growth originates
from debonding of silica nanoparticles which promote
matrix plasticity via shear yielding and void growth as the
main energy dissipation mechanisms. The incorporation of
silica particles uniformly dispersed in the matrix as seen in

Table 1. Summary on Silica/Epoxy composite.

the micrographs shown and stated by different researchers
discussed above of the processed epoxy composite, either
nano-size or micro-size, into neat epoxies increases fracture
toughness, K, .and normalized fracture energy, G, .. Nano-
size fillers are more effective tougheners than micro-size
fillers over the full range of filler loading up to 60 wt.%.
Table 1 summarises the published reports on silica particle-
filled epoxies to evaluate the influence of these fillers on
increasing fracture toughness.

3. Overview of Fracture Toughness Evaluation of
Epoxy Resin Modified with Rubber

Several methods have been proposed to improve the
fracture toughness of epoxy resins and addition of suitable
rubber before epoxy resin curing is claimed to be a successful
routine®". Chikhi et al.®" worked on liquid amine-terminated
butadiene acrylonitrile (ATBN) copolymers containing 16%
acrylonitrile at different contents to improve the toughness of
DGEBA epoxy resin using polyaminoimidazoline as a curing
agent and post cured at 120 °C. In modified epoxy resin,
all reactivity characteristics (gel time and temperature, cure
time and exotherm peak) were decreased. Where as a 3-fold
increase in Izod IS was obtained by just adding 12.5 phr
ATBN compared to the unfilled resin. Addition of ATBN,
the Izod IS increased drastically from 0.85 to 2.86 kJ/m? and
from4.19 to 14.26 kJ/m? for notched and unnotched specimens
respectively while K, . varies from 0.91 to 1.49 MPa.m'>.
Concerning the adhesive properties, the tensile shear strength
(TSS) increased from 9.14 to 15.96 MPa just by adding 5 phr
ATBN. Finally SEM analysis suggested that rubber particles
cavitation and localized plastic shear yielding induced by
the presence of the dispersed rubber particles within the
epoxy matrix as the prevailing toughening mechanism.
Zhao et al.’ worked on enhancement in tensile strength and

Type of Epoxy I\/!oditjler Sio Fracture Fracture energy .
Polymers SiO, size Addi tizon toughnels/zs @/m?) Curing Agent Ref.
(nm) (MPa.m'?)
DGEBA - 0-20 wt.% 1.45+0.12, 616 + 109, highest Accelerated Hsieh et al.!
DGEBA/F highest for for polyether methylhexahy
Polyether DGEBA polyether DGEBA DGEBA at O..138 drophthalif: acid
at 0.138 volume volume fraction anhydride
TGMDA fraction silica silica
DGEBA Unmodified 30 vol.% 1.11 £ 0.06 303+ 14 Piperidine Dittanet and
23 2.52+0.11 97317 Pearson’®
74 2.89+0.11 1264 + 14
170 2.65+0.06 1030 + 08
DGEBA Neat resin 10 vol.% 1.07£0.1 280 + 20 Sphr piperidine Dittanet and
42 pm 1.96+0.15 760 +10 Pearson®”
23 nm
42 pm * 1.93+£0.12 740 + 80
74 nm
42 pm * 1.94 +0.15 750+ 10
170 nm
DGEBA 20 nm 13 vol.% 0.59-1.42 100-460 Methylhexahydrophthalic Johnsen et al.l'”!
acid anhydride (HE600)
DGEBF 90 nm 0-7% Increase in strain - Poly(propyleneglycol)- Guo and LiB
rate diglycidyl ether
(PPGDE)
4/14 Polimeros, 30(3), 2020030, 2020
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fracture toughness at 77 K of diglycidyl ether of bisphenol-F
(DGEBF) epoxy using diethyl toluene diamine (DETD) as
curing agent and carboxylic nitrile-butadiene nano rubber
(NR) particles. Dispersion of NR in the cured epoxy samples
is shown in Figure 4. It was found NR dispersion throughout
the epoxy matrix with no agglomeration®®?.

The tensile strength is increased compared with that
of the pure epoxy. The SENB test is used to determine the
K. Fracture toughness (K, .) is enhanced by 48.3% at 15 phr
NR compared with that of the pure epoxy. Moreover,
the comparison of mechanical properties between 77 K
and room temperature indicated that the tensile strength,
young’s modulus and fracture toughness at 77 K are higher
than those at room temperature with reduced young’s
modulus of epoxy resins. Chen and Taylor®! investigated
the fracture toughness and mechanical properties of an
anhydride-cured diglycidylether of bisphenol-A (DGEBA)

500 nm »

Figure 4. Dispersion of NR particles in the NR-epoxy blends!'*.

Figure 5. SEM micrograph of rubber-modified epoxy showing
stress-whitened zonel®'\.
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epoxy polymer modified with poly(methyl methacrylate)-b-
poly(butylacrylate)-b-poly(methyl methacrylate) (MAM).
These triblock copolymers toughen the epoxy polymer
significantly, with only slight reductions in the mechanical
and thermal properties of the epoxy polymer. The maximum
values of fracture toughness and fracture energy (1.22 MPa.
m'? and 450 J/m?, respectively) were measured which is
an increase of 100 and 350%, respectively, compared with
the unmodified epoxy. Carboxyl terminated butadiene
acrylonitrile rubber (CTBN), amine terminated butadiene
acrylonitrile rubber (ATBN), epoxy terminated butadiene
acrylonitrile (ETBN) and hydroxyl terminated poly butadiene
liquid rubber (HTPB) have been used to enhance the
fracture toughness of epoxy resins at room temperature (RT)
where micro- sized rubber-modified epoxy resins showed
enhanced fracture toughness with lowered strengthB+3!,
SEM photograph of a fractured surfaces of 10 phr rubber-
modified epoxy (Figure 5) showed stress-whitened zone
near the crack tip occurred due to micro-cavitations of
rubber particles because of high hydrostatic stress beneath
the blend crack tipt!. Rubber modifiers are also used in
the forms of reactive oligomers (e.g., carboxyl terminated
butadiene acrylonitrile CTBN, amine terminated butadiene
acrylonitrile ATBN, etc) enhance the fracture toughness of
epoxies. the rubber nanoparticles in the form of spherical and
wormlike micelles increase K, . monotonically. The micro-
size rubber particles (CTBN and ATBN) may impart higher,
similar or lower K, . values in epoxies depending on the
nature of epoxy and the rubber modifier, concentration of
rubbery phase, and interface properties?.

Summarising, the toughening effects of rubber particles
on epoxy resins, it is concluded that the micro-size and nano
rubber particles (CTBN and ATBN) impart higher toughness
in epoxies. Table 2 Summaries the published reports on
rubber particle-filled epoxies to evaluate the influence of
these fillers on increasing fracture toughness.

4. Overview of Fracture Toughness Evaluation of
Epoxy Resin Modified with Carbon Nano Tubes
(CNTs)

Carbon nano tubes (CNTs) are generally considered
as one of the potential fillers to improve the mechanical
properties of polymer matrices®5,

Ayatollahi et al.’3 had investigated the effects of
MWCNT as nanofillers on epoxy matrix under bending and
shear loading conditions. Shear loading was found more
effective in comparison to normal loading. Single-edge notch
bend specimen (SENB) was used for this study. Fracture
toughness increased with 0.1 wt.% to 0.5 wt.% MWCNT
addition resulting in 30% higher than that of the neat epoxy.
Hsieh et al.’ used Multi-walled carbon nanotubes, with a
typical length of 140 um and a diameter of 120 nm, to modify
anhydride-cured epoxy polymer. TOM images revealed that
the MWCNTs were agglomerated in the epoxy polymer at
all the concentrations employed (Figure 6).

The modulus, fracture energy and the fatigue performance
of the modified polymers have been investigated. The addition
of nanotubes increased the modulus of the epoxy, fracture
energy from 133 to 223 J/m? and threshold strain energy
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Table 2. Summary on Rubber/Epoxy composite.

Rubber Addition

Fracture toughness

Type of Epoxy Modifier rubber (phr) (MPa.m') Curing Agent Ref.
DGEBA Amine terminated 5-20 0.91 to 1.49 Polyaminoimidazoline Chikhi et al.B!
butadiene
acrylonitrile rubber
(ATBN)
DGEBF Carboxylic nitrile- 15 48.3% increment Diethyl toluene diamine Zhao et al.l’?]
butadiene nano at 77K (DETD)
DGEBA (M22N, M52N, 12 wt.% 1.22 Methylhexahydrophthalic Chen and
M52)* acid anhydride Taylor®!
DGEBA Epoxy terminated 0-15 1-1.65 Trimethylene glycol di-p-  Hwang et al.*”
butadiene aminobenzoate (TMAB)
acrylonitrile (ETBN)
& ATBN
DGEBA Hydroxyl terminated 0-20 1.5 Cyclic anhydride Thomas et al.b!!
polybutadiene liquid (Hy906)

rubber (HTPB)

*Poly(methyl methacrylate)-bloc-poly(butylacrylate)-bloc-poly(methyl methacrylate) (PMMA—b-PbuA—-b-PMMA) BCPs (M22N, M52 and M52N).

Figure 6. TOM images of the nanocomposites containing 0.5
wt.% MWCNTL],

Figure 7. FEG-SEM image of the nanocomposite containing
0.5 wt.% MWCNT showing nanotube bridging!™..

release rate Gth, increased from 24 to 73 J/m? with 0.5 wt.%
nanotubes addition. Electron microscopy of the fracture
surfaces showed clear evidence of nanotube debonding
and pull-out with void growth around the nanotubes, in
both the fracture and fatigue tests. Examination of the
fracture surfaces showed nano tube bridging and voids due
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to debonding between MWCNTs and the matrix followed
by plastic deformation can also be observed — Figure 7.

Gkikas et al. studied the effect of dispersion on MWCNT
toughened epoxy. Single edge notch 3-point bending (SENB)
was used to determine the toughness of the nanocomposite.
At 0.5 wt.% CNT reinforcement and the sonication power
at full amplitude (100%) for 1 h increased the toughness
by 95%. Further sonication for 2 h revealed a reduction in
the fracture properties of the nanocomposite. The importance
of the duration and amplitude of the sonication process for
good dispersibility was highlighted. For nanocomposite
with the same CNT loading, reducing the sonication power
to half of the maximum amplitude (50%) and increasing
the time to 2 h, increased the fracture toughness by 550%
as compared to the neat epoxy. The investigated results
on the mechanical and fracture toughness properties
reported by various researchers, the properties of polymer
composites are enhanced at very low CNTs loading. Most
of the loading values gathered from the reviewed papers are
approximately in the same range. Amongst all the CNTs,
DWCNT had produced the highest stiffness nanocomposites
when surface functionalization was carried out. The values
of young’s modulus presented for most of the MWCNTs
nanocomposites were much lower in comparison with
SWCNTs and DWCNTSs ones. This effect was explained due
to the difference in specific surface area (SSA). Optimizing
the sonication power during mixing resulted in the highest
value of Mode I fracture toughness (1300 J/m?) as reported
by Gkikas et al.’>l. Results concerning appropriate type as
single-walled CNT (SWCNT), double-walled CNT (DWCNT),
or multi-walled CNT (MWCNT) in epoxies showed that
CNTs addition increased the tensile properties; hardness,
impact resistance, and fracture toughness of epoxy resins
as discussed below®”*¢%1 Compressive behavior of epoxy
resin system with addition of different kind of nanoparticles
revealed that carbon nanotubes increased compressive
yield strength modestly at low strain rates, but there is a
significant increase at high strain ratel®”. Single walled carbon
nanotube (SWCNT) in a polymer matrix increased fracture
behavior with increasing weight percentage of SWCNTE!
Finite-element modelling had demonstrated that once one
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silica nanoparticle debonds then its nearest neighbours
are shielded from the applied stress field, and hence may
not debond®®.. Covalently functionalized nanotubes have
been observed as particularly good additives for polymer
reinforcement, allowing for an excellent stress—strain transfer
between nanotubes and polymer matrix/*”, Generally, the
structural toughness arising from conventional energy
dissipation mechanisms has the potential to be much more
significant in nanocomposites than in composites containing
conventional micron-size fibers!® whereas uniform
distribution of MWCNTSs in the matrix and the formation of
voids significantly affect the fracture and fatigue behavior
of MWCNT-reinforced composites?®**3. Gojny et al.l®®
found that the mechanical properties of potential matrices of
fibre-reinforced polymers (FRP), such as epoxy resins, were
significantly increased by low contents of carbon nanotubes
(CNT) (tensile strength, young’s modulus and fracture
toughness). The glass-fibre-reinforced polymers (GFRP)
containing 0.3 wt.% amino-functionalised double-wall
carbon nanotubes (DWCNT-NH2) exhibited significantly
improved matrix-dominated properties (e.g., interlaminar shear
strength)!®®. Enhanced dispersion and alignment of CNTs in
polymer matrices improved by optimum physical blending,
in situ polymerization and chemical functionalization led
to improve mechanical, electric, thermal, electrochemical,
optical and super-hydrophobic properties'®’!. The alignment
of CNTs could also be increased by ex situ alignment due
to force, electrical and magnetic field-induced methods!7.
It was found that the tensile strength improved with the
increase of MWCNTs addition, and as MWCNTs loading
reached 8 wt.%, the tensile strength reached the highest value
of 69.7 MPal®®l. Park et al.l®! oxyfluorinated multi-walled
carbon nanotubes (MWNTs) at different temperatures and it
was found that surface fluorine and oxygen contents increased
with increasing oxyfluorination temperature which led to
an increase of surface polarity of the MWNTs, resulting in
increasing K, .and impact strength due to the improvement of
interfacial adhesion force. Better dispersibility and stronger
interfacial bonding between MWCNTSs and epoxy matrix by
acid treatment and triethylene-tetramine (TETA) modification
of multi-walled carbon nanotubes (MWCNTs). MWCNTs
were treated with concentrated H2SO,/HNO,, and then
triethylenetetramine (TETA) grafting showed formation of
TETA thin layer on the MWCNT surface, which contributes
to the homogenous dispersion of MWCNTs in epoxy matrix
and the improvement of the MWCNT-epoxy interfacial
interaction’®”!. Amino-functionalized MWNTs/epoxy
nanocomposites, in which MWNTs with amino groups acted
as a curing agent resulting in improvement of the tensile
strength (+51%) and impact strength (+93%) is obtained
with amine-treated MWNTs at an 1.5 wt.% content” and
fracture toughness K, . turned out to be significantly increased
(45%) adding only 0.3% of amino-functionalised double-
walled carbon nanotubes (DWCNT-NH2), It was found
that tetra-functional epoxy resin, MY-720 mixed with 1%
by weight MWNT increased the fracture toughness of the
neat resin by more than three folds in the three-point bend
mode!™. Catalytically grown double-wall carbon nanotubes
(DWCNT) were used in epoxy resin and a very good
dispersion of both DWCNTs and carbon black (CB) in an
epoxy resin could be observed with increased K -value was
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observed!”™. Rahmat and Hubert!® in their review presented
carbon nanotube-polymer interactions in nanocomposites
and concluded that an optimum carbon nanotube-polymer
interaction is a key factor towards reaching the full potential
of carbon nanotubes in nanocomposites while presence of
moisture absorption may cause degradation resulting in
weak interfacial bonding due to epoxy swelling! and it
is known that nano-composite toughness increased with
enhanced interfacial adhesion®”. Multi-walled carbon
nanotube reinforced epoxy nanocomposites, with multi-
walled carbon nanotubes (MWCNTs) to diglycidyl ether
of bisphenol-F epoxy via the ultrasonic technique resulted
in a higher reinforcing efficiency and consequently, the
cryogenic tensile strength, Young’s modulus, failure strain
and impact strength at 77 K are all enhanced®”). Nanotube
morphology and impurity content can significantly affect
the effective properties of the resulting composite as found
by Hernandez-Pérez et al.l®!l. Nanotubes with different
aspect ratios showed very limited improvement in tensile
properties, where the impact resistance and fracture toughness
of the nanocomposites were significantly improved, for
the composites employing the nanotubes with higher
aspect ratio®). Controlling curing processt®?, preventing
agglomerate of nanotubes as large clumps of black powder®),
purification of single-wall carbon nanotubes!®¥ also help in
proper dispersion resulting in enhanced properties of epoxy
composites. The nanocomposites produced exhibited an
enhanced strength and stiffness and significant increase in
fracture toughness (43%) at 0.5 wt.% amino-functionalised
DWCNT addition!®.

The outcome of multiphase study revealed great potential
route that could be explored as established with the presence
of liquid rubber. The addition of rubber increased Mode I
fracture toughness by 409% in comparison with pristine
epoxy. MWCNT is still the most interesting candidate with
a promising outlook, by choosing an appropriate dispersion
and functionalization techniques. Table 3 Summaries the
published reports on CNTs-filled epoxies to evaluate the
influence of these fillers on increasing fracture toughness.

5. Hybrid Polymers Composites

Hybrid polymer composites (HPC) are one of the recent
developments to reduce the cost of expensive composites
containing reinforcements like carbon fiber by incorporating
a proportion of cheaper, low-quality fibers such as glass,
textile, natural fibers, and nano figures like silica, rubber,
CNT, clay, graphene. The concept of hybrid toughening
refers to the use of two or more toughening agents to achieve
some synergistic effect in the toughness of the overall
nanocomposites'*. Gouda et al.l investigated the fracture
behavior of a high silica glass-satin textile fiber reinforced
hybrid polymer composite (HPC) under the full range of
in-plane loading conditions experimentally and numerically.
The observation of fracture surface shows that the Mode I
fracture surface is of brittle matrix cracking with relatively
smooth flat matrix fracture and showed little debonding
between fiber and matrix. Crack specimens are tough in
tensile loading condition and weak in shear loading conditions.
Tsai et al.®® investigated the interlaminar fracture toughness
of glass fiber/epoxy composites having silica nanoparticles
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and the rubber particles. Reactive liquid rubber (CTBN)
and core-shell rubber (CSR), were employed to modify
the fracture toughness of epoxy resin. Silica nano particle
increased the fracture toughness of the fiber composite with
pure or CTBN-modified epoxy. The silica nanoparticle
effect would become detrimental when the fiber composites
are already modified by CSR. By considering the overall
mechanical performances, the fiber composite with silica
nanocomposites together with CTBN rubber particles
demonstrate superior properties. Hsieh et al.®” presented
the structure/property relationship of an anhydride-cured
epoxy modified with silica nanoparticles and/or a rubber
microparticle. Transmission electron micrographs of ‘hybrid’
epoxy polymers containing 2.3 wt.% silica nanoparticles
and 9 wt.% CTBN is shown in Figure 8.

The fracture energy of the bulk epoxy increased
from 77 to 212 J/m? with 20 wt.% silica nanoparticles addition.
The observed toughening mechanisms were debonding of
the epoxy polymer from the silica nanoparticles, followed
by plastic void growth of the epoxy. Localised plastic
shear-banding in the polymer was also observed. Maximum
fracture energy of 965 J/m* was measured for a ‘hybrid’
epoxy polymer containing 9 and 15 wt.% of the rubber
microparticles and silica nanoparticles respectively. Both
the theoretical and experimental studies clearly revealed
the benefits of using silica nanoparticles, as opposed to
much larger micrometre-sized silica particles, in terms of
observing a relatively high toughness for the modified epoxy
polymer. Although the toughness increase is dependent on
the toughener used, its concentration and particle size, the
second-phase materials have been shown of increasing
the toughness of epoxy polymers. It should be noted that
the toughening effect is also dependent on the properties
of the epoxy itself, as some epoxies are tougher in nature
than others®). Figure 9 shows evidence of cavitation of
the rubber particles, though it is difficult to identify the
mechanisms associated with the silica nanoparticles due to
the roughness of the surfaces. However, SEM studies of the
‘hybrid’ fracture surfaces showed that the silica nanoparticles
are present as both individual particles and agglomerates®..

Gouda et al.” studied Mode I fracture behavior of
glass-carbon fiber reinforced hybrid polymer composite
experimentally and by finite element analysis at room temperature
with curing hardener (HY 951) and woven glass and carbon
bi-direction mesh. The difference in the magnitude of elastic
modulus along and across the fiber orientation is 417 MPa.
Mode I fracture surface is indicative of brittle cleavage failure
with relatively smooth and flat matrix fracture with a little
debonding between fiber and matrix. The fracture energy of
hybrid carbon fiber reinforced polymers was investigated
by Karapappas et al.®!!. The composites were modified by
multi-walled carbon nanotubes addition in the matrix material.
The interlaminar fracture properties under Mode I and Mode
1T remote loading were studied as a function of the carbon
nanotube content in the matrix. Carbon nanotubes in the
epoxy matrix led a significant increase in the load bearing
ability as well as in the fracture energy, for both Mode I
and Mode II tests. It is speculated that carbon nanotubes
due to their large aspect ratio have a significant toughening
effect since extra energy is needed in order to pull them out
from the matrix and start the crack propagation following a

Polimeros, 30(3), €2020030, 2020

Figure 8. TEM image of ‘hybrid’ epoxy polymers containing
2.3 wt.% silica nanoparticles and 9 wt.% CTBNU®.

Figure 9. SEM image of fracture surface of epoxy polymers with
4.5 wt.% silica nanoparticles and 9 wt.% CTBN!'®.,

kinking out pattern at nano scale. Lee et al.’”) investigated
Mode I and Mode II interlaminar fracture toughness of the
hybrid laminates with nonwoven carbon tissue (NWCT)
under severe temperature conditions, the double cantilever
beam (DCB) and end notched flexure (ENF) tests for the
carbon fiber reinforced polymer (CFRP) and the hybrid
specimens were conducted. The G, and G, values of the
hybrid laminates were compared with those of the CFRP
laminates in the range of =60 °C to +80 °C. The mean G,.
values of the CFRP and hybrid specimens at —60 °C and
—30 °C were not changed significantly when compared with
those the CFRP and hybrid specimens at room temperature.
The mean G . values of the hybrid specimens at =60 °C
to +80 °C were about 171% to 189% higher than those of
the CFRP specimens at —60 °C to +80 °C, respectively.
When compared with the decreasing rate of the mean G .
values of the CFRP specimens at +80 °C, the decreasing
rate of the mean G . values of the hybrid specimens at
+80 °C slowed down significantly due to the carbon short-
fibers bridging, carbon short-fibers breakage and hackles.
Borowski et al.l”¥ investigated the fracture toughness of
carbon fiber reinforced polymer (CFRP) laminates produced

by using an epoxy nanocomposite matrix reinforced with
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Table 4. Summary on Hybrid Polymers Composites.

H o, o, 12 o, 2
Typeormiber MG addiion (ve%e) - inceement | incromment Re.
High silica glass fiber Woven Satin textile fiber t=0.26 mm 7.431 [0°] - Gouda et al.¥!
4.199 [90°]
*GFRP - - - 190 Tsai et al.*
SiO,-CTBN 10 wt.% each - 930
Si0,-CSR 10 wt.% each - 1030 (390%)
GFRP Rubber (um) - SiO, (nm) 9 wt.%, 15 wt.% - 965 Hsieh et al.®)
GFRP Carbon 0/90 34.07 (Across) - Gouda et al.””
32.84 (Along)
*CFRP MWCNT 0.1 - 200-300 Karapappas et al."!
0.5 - 400-500
1 — 400-600
CFRP MWCNT - - 943 (442%) Borowski et al.l’]
0.5 - 1175 (25%)
1 - 1132 (20%)
1.5 - 1102 (17%)

*QGlass fibre reinforced-polymer (GFRP) and carbon-fibre reinforced-polymer (CFRP).

carboxyl functionalized multi-walled carbon nanotubes
(COOH-MWCNTs). Four MWCNTs contents of 0.0 —
1.5% per weight of the epoxy resin/hardener mixture were
examined. Double cantilever beam (DCB) tests performed
to determine the Mode I interlaminar fracture toughness of
the unidirectional CFRP composites showed 25%, 20%,
and 17% increase in the maximum interlaminar fracture
toughness of the CFRP composites. The involvement of
silica and rubber particles in glass fiber epoxy has shown
a major improvement in Mode I fracture toughness with
lowered stiffness due to low modulus rubber particles as
highlighted by Tsai et al.*®). Study conducted by Hsieh et al.
89 reported maximum fracture energy of 965 J/m? for a
hybrid polymer composite containing 9 wt. % and 15 wt.
% of the rubber microparticles and silica nanoparticles,
respectively. Karapappas et al.’" and Borowski et al.’*! has
reported the increase in fracture toughness of hybrid carbon
fiber reinforced polymers for low loading of Multi-walled
carbon nanotubes. It was found that toughness of epoxy can
be significantly increased by incorporating either rubber
or silica nano-particles, however, hybrid nanocomposites
do not display any significant effect on toughness®.
Carolan et al.’ observed increase in toughness in the bulk
epoxy polymer by the addition of a combination of silica
nanoparticles and/or CSR nanoparticles. Rubbery and glassy
epoxy resins reinforced with carbon nanotubes created a
bridge between the nanotubes and matrix, and differences
in viscosity resulted better nanotubes dispersion in the
rubbery epoxy resin than in glassy epoxy with 28% increase
in tensile Young’s modulus in the rubbery system using 1
wt.% functionalized nanotubes!’®. The values of toughness
of the CFRP laminates, compared to the bulk epoxy polymer,
were further enhanced by additional fibre-based toughening
mechanisms, i.e., fibre bridging, fibre debonding and fibre
pull-out. It was also observed that epoxy/acryl triblock
copolymer alloys, applied as the toughening modifiers for
the epoxy resins, rubbery epoxy particles successfully acted
as toughening agent for glassy epoxy matrices?**, effects of
both rubbery phase and nanosilica on mechanical properties
of epoxy showed that fracture surfaces were accompanied
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with multiple voids, providing evidence of debonding of
the nanoparticles®. It has been well established that the
incorporation of second soft microphase such as rubber
particles into epoxy polymers increase their toughness,
without significant impairing other properties whereas
addition of nanosilica particles to rubber-toughened epoxy
may lead to very significant increase in the toughness of the
matrix!'°l, Summarising, the effect of having multiphase in
polymer composite is highly beneficial in order to attain good
mechanical and fracture properties of polymer composite.
Table 4 presents the summary of published reports on hybrid
polymers composites.

It can be concluded from the present study that addition
of a second dispersed phase (silica, rubber, CNTs) in
epoxies results in enhancing the material fracture toughness
and inducing a remarkable increase of damage tolerance
performance.

6. Conclusions

In the research conducted so far, the fracture toughness
of'the epoxy based polymer matrix composite incorporating
silica, rubber and CNTs in micro/nano sizes is and attempt is
made to understand the controlling toughening mechanisms
of these materials. Following are the major conclusions with
proposed future direction:

(1) Silica addition promoted nano toughening effect with
plastically deformation capability in epoxies. Addition of
rubber increased the toughness with negligible reduction
in stiffness in epoxies. Double and multi walled CNTs
addition significantly increased the tensile properties;
hardness, impact resistance and fracture toughness of
epoxy resins;

(2) Summarising, the effect of having multiphase in polymer
composite is highly beneficial in order to attain good
mechanical and fracture properties of polymer composite;

(3) The advantages of using nanofillers modified epoxies
as matrices or interleafs for carbon fiber and glass fiber
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composites to increase the interlaminar delamination
toughness are not fully explored for better efficiency
than some conventional methods;

(4) More emphasis can be laid on the crucial understanding of
stress transfer mechanisms and interfacial bond strength
between nanoparticles and the epoxy system and the
fracture toughness of hybrid polymer composite under
different temperature conditions needs to be elaborated;

(5) The experiments conducted so far to measure different
modes of fracture toughness of hybrid nanocomposites
may be numerical validated (modeling);

(6) In CNT modified epoxies, further studies are required
to clarify the predominant toughening mechanisms with
respect to the different CNT morphology although crack
bridging is important.
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