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Abstract

This chapter surveys recent advancements in the interphase engineering of fiber-
reinforced polymer composites using different nanofillers. The nanofillers are clas-
sified based on their aspect ratio. The strategies followed are discussed separately
for stress transfer improvement or adding functionality in the interphase. For
improved stress transfer from the matrix to the fiber the nanofillers are deposited
on the surface of the reinforcements by different techniques resulting in physical
or chemical adhesion. Bulk matrix modification enhances the interphase proper-
ties, as well. Special attention is paid to report on efforts focused on the creation of
(multi)functional interphase in polymer composites by using nanofillers. Added
functionalities provide sensing, self-healing and damping properties. This chapter
also includes state-of-the-art knowledge on the characterization and modelling
of the interphase. In the outlook section some challenges and perspectives in the
engineering of fiber/matrix interphase are summarized.
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2.1 Introduction

Composites are defined as materials consisting of two or more distinct
phases with a recognizable interphase between them. This definition is usu-
ally restricted in practice to materials containing fibrous reinforcements or
reinforcements with different length to cross-section dimensions (referred
to aspect ratio), which are embedded in a matrix. Composites can be clas-
sified based on their matrix nature (metal-, ceramic — or polymer-based,
thermoplastic and thermosetting polymers), origin (natural, synthetic),
appearance (e.g. discontinuous or continuous fibers) and alignment (e.g.
random, unidirectional, cross-ply) of the fiber reinforcement, fiber archi-
tecture (e.g. non-woven, woven, knitted, braided), etc.

Fibers are inherently stronger than the bulk materials because the proba-
bility of imperfections (inherent flaws) decreases with decreasing dimension.
The stiffness and strength of the most important reinforcing fibers, such
as glass (GF), carbon (CF), aramid (AF), natural fiber (NF) are markedly
higher than those of polymeric matrices. The matrix transfers the load to
the fibers and distributes the stress among them. The matrix is also respon-
sible for protecting the fibrous reinforcement from the environment and
allows the necessary positioning of the fibers. The fiber/matrix interphase
guarantees stress transfer from the “weak” matrix to the “strong” fiber and
from fiber to fiber through the matrix, as well. The term interphase, mean-
ing a finite interlayer with distinct physico-chemical properties between the
fiber and matrix, was introduced in the 1970s [1]. The load transfer capa-
bility of the interphase depends on the fiber/matrix adhesion which can be
physico-chemical, or frictional, or both, in nature [2]. Physico-chemical
contribution, including chemical reactions, intermolecular interactions,
surface-induced crystallization, phase separation phenomenon, etc. seem
to be the more important in polymer-based composites than the frictional
contribution. Nevertheless, “roughening” of the fiber surface and amplifying
the difference in thermal contraction between the fiber and matrix turned
out to favour stress transfer [3]. In many cases both chemical and frictional
components are operative though not explicitly mentioned or addressed.

Because the interphase is a key factor in composite performance,
its design has been the focus of interest in both academia and industry.
Properties of the interphase should be tailored by considering various
parameters, such as the locally prevailing stress field, possible environ-
mental attack, service temperature, service life expectation, etc. Moreover,
considering the fact that the dominant failure mode in fiber-reinforced
polymers is interphase-related (debonding between fiber and matrix), its
detection and even its healing are highly desired.
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Next we shall report on effects of nanofillers in the interphase of poly-
meric composites. Incorporation of nanofillers into the interphase was
spurred mainly for the following reasons:

1. to improve the stress transfer between the matrix and fibrous
reinforcements, and
2. to provide the interphase with functional properties.

Enhancing the stress transfer capability is the traditional role of the
interphase. Nanofillers can contribute by “roughening” the fiber surface,
reduction of the stress transfer length (i.e. reduction of the critical aspect
ratio of the fiber), and stress redistribution via stress field homogenization
(through diminishing stress concentration effects). Surface roughening is
beneficial not only for improving the frictional component of adhesion,
but also for toughening. The crack developed at the interface or in the
interphase is forced to follow a zig-zag route owing to the nanofiller par-
ticles which act as local obstacles. It is obvious that higher energy dissipa-
tion is involved in a zig-zag crack path (involving various nanofiller — and
matrix-related failure events) than in a planar one. One would think that
the above-mentioned beneficial effects can be triggered only from the fiber
side via coating and deposition of the nanofillers. This, however, is not the
only option. In fact, matrix modification with nanofillers may influence
the interphase characteristics, as well, as demonstrated later.

The other and very recent aspect of interphase engineering is related
to the functionality. This development is fuelled by the efforts to produce
(multi)functional materials. Albeit different definitions exist for (multi)
functionality, the most straightforward classification considers whether or
not the related properties are of colligative nature, i.e. linked with each
other or not. (Multi)functional materials often have structural (mechani-
cal) and non-structural (sensing, actuation, barrier, self-healing, controlled
release, etc.) properties. It was recognized that some functionalities could
be achieved through straightforward modification of the interphase instead
of the bulk. If failure starts in the interphase, as mentioned above, then
its detection, and eventual healing, should also be considered if possible.
Sharma et al. [4] provided a review on the research works on carbon-fiber
based composites which also considers interphase modification strategies
using nanofillers. A comprehensive survey on this field, also addressing the
effects of nanofillers in the interphase, was recently published by Karger-
Kocsis et al. [5].

In the following part of the chapter the recent developments are intro-
duced by grouping them according to whether the related strategy was
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mainly developed for the stress transfer function or for the functional
performance of the interphase.

2.2 Interphase Tailoring for Stress Transfer

2.2.1 Coating with Nanofillers

All reinforcing fibers used for the preparation of polymer composites are
surface treated and/or coated, usually during their manufacturing steps.
This kind of coating is usually referred to as sizing. GFs are usually sized
immediately after spinning to protect them from fracturing. The aqueous
formulation of GF sizing contains an adhesion promoter, a film former
along with a suitable emulsifier and a lubricant. Sizing is commonly
applied also for CFs. During their production, CFs may be subjected, how-
ever, to various surface treatments in order to remove the weak outer layer
and introduce oxygen containing functional groups [6, 7]. Other polymer-
based reinforcing fibers, such as aramid fiber (AF), ultra-high molecular
weight polyethylene (UHMWPE), polybenzoxazole-types (PBO), thermo-
tropic liquid crystalline polymers (LCPs) are sized, as well. By contrast,
natural fibers (NFs), are usually not sized but subjected to different surface
treatments. The latter may be classified as physical or chemical treatments
as proposed by Fuqua et al. [8].

It is intuitive that the most straightforward method for the surface mod-
ification of fibers is to incorporate the nanoparticles directly into the sizing
formulation. In fact, this is one of the preferred practices. The incorpo-
rated nanofillers are mostly of high aspect ratio with platy (disk) or fibrous
(needle) shapes. As platy reinforcements, clay (layered silicate) and gra-
phene derivatives, while as fibrous ones, carbon nanotube (CNT) variants
(single, double and multi-walled - SW-, DW — and MWCNT, respectively)
are preferred in the sizing formulations. For the surface “coating” of NFs
the deposition of bacterial cellulose nanoparticles, produced by fermenta-
tion, was also attempted [9]. It is noteworthy that the nanofillers are mostly
physically adsorbed in the interphase though weak chemical bonding, such
as H-bonding, is not excluded.

The nanofillers can be deposited onto the fiber surfaces, or other rein-
forcing structures, by dip coating, spraying and electrostatic/electropho-
retic techniques. These processes are schematically depicted in Figure 2.1.

Reinforcing fibers were sized with formulations containing CNTs, clay,
graphene oxide (GO) which all have rather high aspect ratios. As men-
tioned before, the related dispersions are applied to the fiber surface by
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Figure 2.1 Schematics of typical surface coating techniques of fibers and related fabrics:
(a) dipping, (b) spraying, and (c) electrophoresis.

dipping or spraying techniques. The improvement in the stress transfer is
generally evaluated on single fiber microcomposites and real macrocom-
posites (unidirectional fiber and woven fabric layer reinforced laminates).
In case of single fiber microcomposites, the interfacial shear strength
(IESS) is determined using single fiber fragmentation and microbond
tests. The macrocomposites’ performance is characterized by interlami-
nar properties, viz. interlaminar shear strength (ILSS) deduced from short
beam shear (SBS) test and interlaminar fracture energy values determined
under mode I (crack tip opening, G, ) and mode II ( planar shear, G, )
conditions. The above test configurations are depicted schematically in
Figure 2.2. A detailed description of the interface-relevant test methods
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Figure 2.2 Schemes of test configurations to determine interfacial and interlaminar
properties: (a) single fiber fragmentation (IFSS), (b) microbond (IFSS), (c) short beam
shear (ILSS), (d) interlaminar fracture under (i) mode I and (ii) mode II loadings,
respectively (G, and G).

is out of the scope of this review and the interested reader is addressed to
references [10, 11].

Effects of single — and multiwalled CNTs, with and without functional
groups (mostly carboxyl) in the sizing compositions, applied by dipping
and spraying on GF - and CF-reinforcements, have been investigated in
various micro — and macrocomposites. For GF-reinforced composites
polypropylene (PP) [12], epoxy resin (EP) [13-15], vinyl ester resin (VE)
[16] were used; whereas for CF-reinforced ones EP [17] and VE [18] were
selected as matrices. The cited works reported remarkable improvements
in the IFSS and ILSS (up to 50%) values. Carboxyl-functionalized CNT-
containing coating was also applied on NFs, such as jute [19] and flax [20].
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Figure 2.3 H-bonding between the surface hydroxyl groups of NF and carboxyl groups of
CNT (adapted from [20]).

The good adhesion between the NF surface (hydroxyl groups) and CNT
(carboxyl groups) was attributed to H-bonding, schematically depicted in
Figure 2.3.

The interlaminar properties of CNT-coated woven flax reinforced
EP-composites were investigated as a function of the CNT content, as
well. The ILSS and G at 1 wt% CNT coating were higher by 20% and
31% respectively, than the control [20]. An interesting approach was dem-
onstrated by Lee et al. [21] who sprayed a dimethylformamide solution
containing polyacrylonitrile (PAN) and functionalized MWCNTs onto
CF woven fabric followed by a thermal “stabilization” process for PAN
at 300 °C. Reinforcement with this CNT-grafted CF fabric yielded 22%
improvement in the tensile strength of the composite.

Attempts were also made to coat the reinforcement by 2D nanofillers,
mostly using clay and graphene nanoplatelets. Clay was deposited on CF
and tested in polyetherimide matrix [22]. The effect of graphene oxide
(GO), deposited on CF has been tested in EP-based composites [23-25].
GO was dispersed in the sizing solution with the aid of sonication. GO in
the interphase improved the ILSS by almost 20% [24] and 30 % [25].

Researchers have also pursued the “surface roughening” concept using
0D (i.e. spherical type) nanofillers. Basalt fiber (BF) yarn and unidirec-
tional (UD) fabrics were post-coated with fumed silica with and without
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additional silanization and embedded in VE. The ILSS was found to be
20% higher by this treatment compared to the control composite [26].

Using various dipping and spaying techniques for the surface “nano-
structuring” of the reinforcements generally did not yield a uniform and
homogeneous distribution of the related nanofillers on the substrate sur-
faces. Though some improvements were noticeable when sonicating the
nanofiller-containing sizing dispersion, a homogeneous surface covering
remained a challenge. To overcome this problem, electrostatic (ESD) and
electrophoretic deposition (EPD) methods were recommended. In these
deposition processes, charged particles are deposited on a substrate (gener-
ally a fiber) which has an opposite electrical charge. Accordingly, attractive
forces between positively charged nanoparticles and negatively charged
reinforcing materials, or vice versa, were exploited to obtain a homoge-
neous deposition of nanofillers. CF can be easily made anionic via suitable
oxidation. On the other hand, nanofillers, such as CNT, can be rendered
cationic using cationic polymers such as polyelectrolytes. The concept of
ESD is depicted schematically in Figure 2.4.

ESD differs from EPD due to the fact that in the latter the required elec-
trical charging of the reinforcement is achieved by coupling to an electrode
(cathode, anode) the potential of which depends on the charge of the cor-
responding nanofillers (cf. Figure 2.1 ¢). As a consequence, the ionic move-
ment in EPD is “forced” in contrast to ESD. The group of Drzal [27] has
shown that cationic polymer treated MWCNT can be uniformly deposited
in ESD on CF having a negative charge owing to its surface oxidation in a
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Figure 2.4 Schematic visualization of how attractive forces between positively charged
nanoparticles and negatively charged reinforcing materials can be exploited to obtain

a homogeneous deposition of nanofillers. In this case, carbon fibers can be negatively
charged via suitable oxidation and carbon nanotubes can be rendered cationic using
polyelectrolytes. (adapted from. [27]).
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suitable sizing electrolyte. When a cationic polymer such as polyethylenei-
mine (PEI) was selected, which was co-reactive with both the sizing and
matrix (EP), then very high IFSS values were reached. This was shown in
single fiber fragmentation tests (cf. Figure 2a). Rutz and Berg [28] used
ESD to coat GF with 0D silica nanoparticles. GF was functionalized also
with an epoxysilane, while the silica nanoparticles by PEIL The pH range of
the coating dispersion in which the silica particles had positive and the GF
negative charge was properly selected for the ESD procedure. The authors
studied also the effects of the silica particles size. It was reported that too
small particles (16 nm) were not efficient though adhered well to the GF
surface due to small roughening effect. Large particles (71 and 100 nm)
were poorly adhered, and thus did not improve the stress transfer even if
the surface roughening effect was sufficiently high. The best performance
was found for 26 nm size silica particles which adhered well to the GF and
also improved the surface roughness at the same time. The IFSS, measured
in single fiber fragmentation test, was 35% higher than that of bare GE, but
only 8% higher than that of silane treated GE.

Unlike ESD, EPD has received more attention for nanofiller deposition
on the reinforcement surfaces. Similarly to ESD, the electrical charge of the
nanofillers is achieved by functionalization. For this purpose MWCNTs
are generally oxidized to impart carboxyl groups. In their aqueous EPD
dispersions non-ionic surfactants can be used. This approach was followed
for both GFs [5, 15] and CFs fabrics [4, 5, 17, 29]. Another option is to use
cationic CNT modifications, such as amine functionalization. Note that
amine functionality can also be established by reacting suitable functional
groups of oxidized CF with PEI. Trials were also made in this direction
with different reinforcements [30, 31], and the outcome was checked usu-
ally in EP-based composites. Nowadays, great efforts are devoted to soni-
cation-assisted EPD techniques to create nanofiller coated, “hierarchically
structured” reinforcements [32]. Sonication is aimed at overcoming the
settling of nanofillers in the aqueous coating dispersions. It is, however,
accompanied by other phenomena (prominent change in ion movement,
diminishing of bubbling owing to water electrolysis) which are poorly
understood at present.

This is the right place to give some clarification on the terminology.
Different descriptions have been introduced for the interphase modifi-
cation by nanofillers in composite materials containing traditional fibers
and related fabrics. One can find the terms “multiscale”, “hierarchical’,
and “hybrid” often in the open literature. “Hybrid” seems to be improper
as it is already reserved to indicate the presence of two or more different
reinforcements. Composites with multiscale reinforcements are typically
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those which contain nano - and microscale reinforcements (which may
be of different types and thus are also hybrids) simultaneously [33]. The
term hierarchical may also be misleading since it is generally used to indi-
cate the structural hierarchy of composite structures [34] , namely: macro
(real component), meso (plies, tows, yarns), and micro levels (fibers).
Nonetheless, we shall keep the terms “hierarchically structured fiber or
interphase” due to their wide acceptance. The hierarchical structure can
be interpreted as a combination of microscaled fiber and nanoscaled filler
which are in “intimate” contact (physical or chemical adsorption) with
each other. Apart from the sizing/coating approaches summarized above,
such “intimate” contact can be achieved also in other ways which is the
topic of the next section.

2.2.2 Creation of Hierarchical Fibers

As shown in Section 2.1., sizing/coating of the reinforcement by nanofill-
ers represents a promising route for interphase engineering. Recall that
the nanofillers in the related coating are “physically fixed” on the surface.
The next logical step is to “anchor” the nanofillers on the fiber surface.
This may be achieved by chemical reactions. A further option is to let the
nanofiller “grow” directly on the fiber surface. Both of these processes are
often termed as “grafting”.

2.2.2.1 Chemical Grafting of Nanofillers

For chemical coupling of carbonaceous nanofillers they have to be func-
tionalized. Though various functionalization methods have been investi-
gated, the most efficient ones are oxidative treatments via wet chemistry.
The resulting functional groups (~COOH, —OH, epoxy) serve as coupling
sites for further reactions. For the desired coupling, however, the surface
of the reinforcing fibers should also have accessible reactive groups for the
target chemical reactions.

Grafting of carbonaceous 1D (i.e. CNT, CNF) and 2D (i.e. graphene and
graphene-like [35]) nanofillers may be a possible approach for GE hav-
ing inherent functionality (—-OH). Note that GF has hydroxyl groups on
the surface which can be converted easily into amine groups. The amine
groups may react with the carboxyl ones of graphene oxide thus yielding
an amide coupling between GF and GO. This chemical route, applicable
for CNT as well, is summarized in Figure 2.5.

By using the SBS tests, Chen et al. [36] have shown that the ILSS of
EP composite reinforced with GO grafted GF was 20% higher than those
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Figure 2.5 Schematic representation of how oxidized carbonaceous nanofillers (in this
case GO) can be grafted onto GF surface (based on. [36]).

reinforced with GO coated GF (physical sorption), and almost 50% higher
than that containing unmodified GE.

2.2.2.2 Chemical Vapor Deposition (CVD)

Creation of “hairy” fibers by directly growing CNTs or carbon nanofibers
(CNFs) onto the fiber surface has many benefits. The advantages include
the enhancement of the fiber surface area, possibility of mechanical inter-
locking, capillary sorption of the liquid matrix, and local reinforcement
of the interphase. All of the aforementioned aspects contribute to a better
stress transfer from the matrix to the fibers. The major goal with compos-
ites containing hierarchical fibers is the improvement of the out-of-plane
(transverse) properties without sacrificing the in-plane ones. It is obvious
that radically grown CNTs or carbon nanofibers (CNFs) with suitable
length and at a sufficiently high surface coverage (concentration) may
work for transverse reinforcement. As a consequence, their eftects appear
both in enhanced inter — and intralaminar properties.

CVD growth of nanotubes, nanofibers, and nanowires can be consid-
ered as a renewal of the whiskerization process from the mid-1970s [37].
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Instead of generating silicon carbide or nitride single crystals at high tem-
peratures (1300°-1800 °C), CVD results in nanoscale fibrous structures
at much lower temperatures (600-800 °C). CVD is typically based on the
following two steps: i) coating of the fiber or fiber assembly with a proper
catalyst, and ii) growth of the nanofibers in a reactor using hydrocarbon
sources. These two steps may be merged, as, for example, in the so-called
injection CVD where deposition of a catalyst containing solution and
pyrolysis of the hydrocarbon source take place simultaneously. The first
report on CVD deposition of carbon nanofibers on CF dates back to 1991
[38]. The deposited structure was herring bone/platelet-like carbon. CNTs
were first synthesized by Thostenson et al. [39] on CF by thermal CVD
using predeposited metal catalysts on the CF surface. CNT-based hierar-
chical reinforcement in composites was already the subject of a review [40]
in which the authors focused on the improvements in composite perfor-
mances. When 1D carbon nanofillers are produced on CF surface then one
can say all-carbon hierarchical fibers. However, when a non-carbon fibril-
lar structure is created on CF, or a carbonaceous one on a non-CF substrate
then the term hybrid hierarchical fiber seems to be more appropriate.

Although GF is not well suited for grafting with CNTs due to its low tem-
perature stability, Wood et al. [41] reported a successful case. The authors
let MWCNTs grow on GF precoated with a Ni/Fe particle catalyst. GFs were
plasma treated and drawn through a CVD chamber with carbon source gas
and nitrogen at T > 600 °C. MWCNTs preferentially grew radially up to
7 um length and densely covered some portions of GF, while they were
absent from other parts. EP-composites with such hybrid hierarchical fiber
reinforcement exhibited a 35% higher stiffness of the interphase compared
to the bulk. The growth of carbon nanomaterials on GF was also recently
reported by Rahaman and Kar [42] who described an electroless plating
method for achieving a uniform coating with nickel catalyst. Carbon nano-
structures were grown over GF using thermal CVD technique. In particu-
lar, vertically aligned CNFs were obtained at 500 °C, while MWCNTs were
obtained on the GF at 600 or 700 °C. Note that the “chemical coupling”
onto the GF surface is in this case promoted by the catalyst particles.

As already emphasized, the plurality of the works have addressed the
production of hierarchical all-carbon reinforcements in CVD batch pro-
cesses. The related studies utilized various catalysts, carbon source gases,
CVD conditions but the reinforcing action of the resulting fiber/fabric was
studied usually in EP-resins [39, 43-46]. The improvement in the inter-
facial/interlaminar properties of the composites with hierarchical CF/
CNT(CNF) structures showed scatter in a wide range, from 15% [39] to
175 % [45]. A further general result of these studies was that the tensile
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strength of the parent CF was reduced owing to the CVD treatment. The
reduction varied between 10% to 33% [39, 45, 47]. This negative effect was
attributed to penetration of the catalysts in the CF and to damages in CFs
induced by the high temperature of the CVD. To avoid this negative effect,
CF surface was covered with a protective layer prior to catalyst formation
[46]. De Greef et al. [48] demonstrated in a systematic study that the tem-
perature of the CVD was the key factor which negatively affected the ten-
sile strength of CE. Low CNT growth temperatures (at about 500 °C) did
not cause degradation in the tensile strength of the CFs.

Kim et al. [49] improved the adhesion of the CVD-produced CNT forest
on CF in an innovative way. The authors used radiofrequency sputtering
and atomic layer deposition to generate first a Ti and then an Al O, layer
followed by formation of a Fe film by electron beam evaporation on top.
The last served as catalyst for the thermal CVD. In another series SiO, was
produced instead of Ti by low pressure CVD. This layer was “anchored”
onto CF by formation of SiC interlayer. This resulted in a G,. improve-
ment by up to 80 % in epoxy/carbon composites. Another straightforward
method was to generate a protective layer that could also play the role of
catalysts in a subsequent treatment [50].

Another option is to use high temperature resistant fibers/fabrics, such
as alumina [51], quartz [52, 53], SiC [54] and silica [55] for CNT growth
through CVD. The corresponding hybrid hierarchical reinforcements
yielded prominent enhancements in the IFSS (>150 % [55]) and interlami-
nar G, (>300 % [54]).

Though CVD is a very promising approach for interphase engineering,
there are several challenges with the catalytic CVD processes. The growth
temperature of the CNTs is quite high and thus it should be reduced in
order to minimize fiber damage. Some of the catalysts and carbon sources
are toxic and thus should be replaced, as well. The interaction of the CF
with the catalysts (dissolution, eutectic formation) under the CNT growth
conditions should be better understood and tailored accordingly.

2.2.2.3 Other “Grafting” Techniques

An increase in the surface area and an effective mechanical interlocking
can be triggered by the grafting of non-carbon nanofibers or nanowires
onto the reinforcing fibers. This approach has been followed by the group
of Ehlert [56, 57]. These authors have created ZnO nanowire arrays on the
surface of various reinforcing fibers, such as AF and CE The idea behind
this was the finding that ZnO interacts strongly with carboxylic func-
tional groups. Carboxylic groups can be produced on the surface of many
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reinforcing fibers by suitable techniques. In case of AF the amide bond is
first cleaved by NaOH, and then the Na* is exchanged by H* to create -
COOH functional groups. This group participates with Zn** ion in a coor-
dination complex acting as seeding and anchoring site for the growth of
ZnO crystal (cf. Figure 2.6). The maximum temperature during the whole
grafting process, comprising several steps, is 150 °C (and that of the ZnO
growth is even less, namely 90 °C), which is far below the temperature
reached in CVD methods. The IFSS in an EP, determined in single fiber
fragmentation test, was enhanced by 51% when ZnO “nanowired” AF was
tested instead of bare AF. A further advantage of this approach is that the
AF tensile strength was not affected negatively by the nanowires deposition
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Figure 2.6 Reaction pathway of triggering ZnO growth on AF surface through cleavage
of the amide bond [56].
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process. Recall that a reduction in the fiber tensile strength is an undesired
general “side effect” of CVD treatments.

This ZnO “nanowire whiskerization” approach was also adapted for
CF subjected to various surface treatments to produce functional groups,
the presence of which was attested by XPS analysis [57]. The IFSS of
EP-microcomposites correlated with the concentration of the surface
ketone groups of CF, which participated in the coordination complex with
Zn**. CuO nanowires were also “grafted” on CF fabric by Deka et al. [58].
The corresponding composites exhibited higher modulus, strength and
impact energy absorption, viz. 33%, 43% and 137%, respectively, com-
pared to the baseline composite with untreated CF fabric.

This kind of seeded nanowire formation from solution on reinforce-
ments may be a very promising route for interphase engineering. The major
benefits are: no or less reduction of the fiber tensile properties, growth at
relatively low temperature, and possibility of achieving multifunctionality.
In fact, ZnO display piezoelectric and semiconductor properties, which
may be exploited in advanced composites for sensing applications [59].
MnO, nanosheets may have similar functions, though recommended in
the cited work for other purpose [60]. This is also the case for the deposi-
tion of other nanoparticles, such as silver [61].

2.2.3 Effects of Matrix Modification with Nanofillers

It was early recognized that the matrix composition and its microstructure
might influence the fiber/matrix interphase and thus the performance of
the corresponding composites [62].

Zhang and coworkers [63] studied the effect of rigid spherical silica
nanoparticles (up to 20 wt%) on the CF/EP adhesion as assessed by the
transverse fiber bundle test. Finite element analysis was performed to
determine the distribution and the effects of the thermal residual stresses.
On the basis of the results obtained, the authors concluded that nano-silica
particles in the EP did not noticeably affect the interfacial bonding. By
contrast, improvements in the IFSS and ILSS values of CF/EP composites
were reported by Hossain et al. [64] when the matrix was modified with the
addition of 1D (CNT) and 2D (clay, graphene) nanofillers. In fact, the ILSS
of a CF woven fabric reinforced EP was increased by about 15% through
incorporation of 0.3 wt% of amine-functionalized CNTs. This was attrib-
uted to possible reaction of the amine groups of CNT both with the epoxy
group of the bulk EP and epoxy group of the silane sizing of the CF fabric.
Ma et al. [65] developed a technique to enrich the interphase of CF/EP
composites with CNF during vacuum bagging using a porous membrane
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and reported about an almost twofold increase in ILSS. Gojny et al. [66]
used carbon black and amine-functionalized DWCNT to modify the EP
matrix used to prepare GF-fabric reinforced composites via resin transfer
molding (RTM). Incorporation of 0.3 wt% carbon blackand DWCNT-NH,
improved the ILSS of the composites by 8% and 15%, respectively.

The G of an unsatured polyester resin (UP) reinforced with GF fabric
was enhanced when CNFs were incorporated even in less than 1 wt% in
the matrix. At higher CNF loading and without surfactant coating of CNE,
the nanofillers were filtered off by the GF fabric during the resin infusion
process [67]. It is worthwhile to underline that the effect of nanofillers in
some of the cited works is not fully interphase related. The positive effect
observed is due to multiple crack deviations caused by the nanofiller in
the interlaminar layer. The group of Pegoretti has shown that clay [68]
and graphite nanoplatelets (GNPs) [69] incorporation in bulk EP may
improve the IFSS of GE. An IFSS enhancement of about 30% was attrib-
uted to a better GF/EP wettability [68], better mechanical properties of the
EP matrix, and positive influence of GNP on the chemical affinity between
GF and EP [69].

Positive effects of bulk matrix modifications with 0D (spherical), 1D and
2D nanofillers were also observed with thermoplastic resins. Pedrazzoli
and Pegoretti [70] found that the IFSS, measured by the single-fiber frag-
mentation test on PP/GF microcomposites, could be markedly enhanced
by incorporating fumed silica up to 7 wt%. The best result was achieved
when the matrix contained 5 wt% dimethyldichlorosilane functionalized
silica and 5 wt% maleated polypropylene (PP-g-MA) coupling agent. For
this nanocomposite, an IFSS value of about 25 MPa was found which was
much higher than that with the PP matrix (~3 MPa). The observed effect
was attributed mostly to changes in the surface energetics. According
to a recent work of the same group [71], IFSS between GF and PP was
enhanced by addition of GNP to the PP. The initial IFSS of about 3 MPa
was increased up to about 14 MPa in presence of 7 wt% GNP. A matrix
with the ternary composition PP/PP-g-MA/GNP = 90/5/5 wt% yielded an
IFSS value of almost 28 MPa. The work of adhesion between fiber and
matrix correlated well with the IFSS data. Arao et al. [72] demonstrated
that the IFSS between PP and CF could be considerably enhanced by
PP-g-MA (from 8.6 to 18.9 MPa) and even further with various types of
nanofillers (silica and alumina nanoparticles, CNT, clay). According to
single fiber pull-out tests, the IFSS data on the nanocomposites of com-
position PP/PP-g-MA/nanofillers = 95/4/1 wt% showed the order silica >
alumina > CNT > clay. An improvement in the fiber/matrix adhesion
has been found also with organoclay containing thermoplastic matrix
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composites and especially with polyamides [73-75]. Vlasveld et al. [73]
argued that the observed effect was related to the matrix stiffening induced
by the organoclay because higher matrix modulus would give higher IFSS
due to the improved stress transfer via the interphase. By contrast, Isitman
et al. [75] ascribed this effect to the development of higher compressive
residual stresses in presence of nanofillers at the fiber/matrix interface.

The effect of bulk modification on the fiber/matrix bonding is not triv-
ial. Enrichment of the the interphase with nanofillers is most likely when
they bear functional groups and may interact with those on the fiber sur-
face. On the other hand, the wettability of the matrix is affected via changes
in the surface tension and viscosity properties. Thermal contraction may
be at work, too. Therefore, further works are needed to clarify how the
matrix modification influences the interphase properties.

2.3 Interphase Tailoring for Functionality

Current research and development activities are focusing on the creation
of a functional interphase. A (multi)functional interphase may accomplish
tasks besides its traditional structural role (stress transfer). Among the
additional functionalities, sensing, actuation, healing, and damping are the
most studied ones.

(Multi)functional interphases can be created by different ways which
had been partly already introduced in Section 2.2. Next we summarize
some of the approaches which have addressed sensing/damage detection,
self-healing/repair and other functional properties of the interphase in
polymeric composites.

2.3.1 Sensing/Damage Detection

The possibility to achieve a sensing response with carbon nanotubes
(CNTs) was originally proposed by Fiedler et al. [76]. It was early recog-
nized that the in situ sensing of stress, strain and damage would be a pow-
erful tool for structural health monitoring. This fact directed researchers
to concentrate on sensing options in the interphase. In this regard, one of
the straightforward strategies is to make use of the well-established sizing/
coating techniques.

Formation of an electrically conductive network of CNT, CNF or gra-
phene in the polymer matrix surrounding the reinforcing fibers allows in
situ sensing of deformation and damage. As Chou et al. [77] concluded, a
nano-scale conductor is needed to sense the onset of micro-sized crack.
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This concept has been recently pushed forward by transferring the con-
ductive network from the matrix to the interphase.

The group of Midder explored the damage sensing possibilities of
MWCNT networks deposited on the surface of various non-conductive
reinforcing fibers, such as GF [13, 15, 30] and NF (jute) [19] by sizing/coat-
ing (cf. Section 2). The authors demonstrated that the GF with MWCNT-
containing coating had similar piezoresistivity (i.e. change in the electrical
resistance on mechanical loading) as CF. This finding allows us to detect
the local strain, and also to sense the onset and growth of damage. The
electrical properties of MWCNT coated GF in the form of single fibers
in UD-composites changed as a function of stress/strain, temperature and
humidity. This feature can be used to detect piezoresistive effects (damage
onset, cf. Figure 2.7) and even the glass transition (Tg) in the interphase.

The above results may open new routes for in-situ structural health
monitoring of polymer composites. Luo et al. [78] described the fab-
rication of 1D fiber sensors. These sensors are composed of GF, AF and
poly(ethylene terephthalate) (PET) fiber substrates which were spray
coated with SWCNT. During composite fabrication the sensor may deliver
information about the curing and cooling induced shrinkage through
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Figure 2.7 Simultaneous changes in stress and resistivity (BR/R ) as a function of tensile
strain for a GF/EP microcomposite with three single GFs. Note: GF was sized with a
MWCNT containing formulation (adapted from. [30]). The conductivity, determined

by the percolated MWCNTs in the interphase, changes when the percolation network

is locally disrupted owing to fracture/debonding events of the reinforcing fibers
schematically represented inside the dog-bone samples.
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strain detection. The sensor (called “FibSen”) built in the composite may
be used for mapping the stress/strain state under various loading modes.
The major benefit of the “FibSen” 1D fibers is that their diameter is smaller
or comparable with those of the reinforcing fibers of the composite unlike
the currently preferred optical fibers which are much thicker.

Zhang et al. [79] demonstrated the damage sensing capability of spray
coated CNTs on CF prepregs in the corresponding UD-fiber compos-
ites. By this technique not only the G, was improved by 20 %, but also
the reliability of the damage sensing. Note that between the UD aligned
conductive CFs the electrical resistance changes by tunneling. By contrast,
disruption of the conductive CNT percolation network is responsible for
the resistivity change in the interphase of the CNT-modified composites.
An interesting alternative is to produce a reinforcing fiber having piezo-
electric coating. In a theoretical work, Lin and Sodano [80] predicted that
this was feasible and the related piezoelectric structural fiber could be used
for sensing/actuation and structural health monitoring.

2.3.2 Self-Healing/Repair

“Biological composites” in nature respond to damage through complex
autonomic healing mechanisms. Their adapting and mimicking capabili-
ties are the driving forces for research also in the composites field. This
approach is also fuelled by the need for damage detection in composite
structures. If the damage onset cannot be detected reliably then triggering
autonomous (automatic) self-healing in the composites may be the right
strategy. Development in this field started again with the bulk modifica-
tion of polymers prior to focusing on the interphase. As underlined before,
the interphase is usually the weakest region in composites where damage
starts. Therefore, the interphase should be made capable of self-healing/
repair functions. The principle of the capsule-based self-healing in the
interphase is depicted in Figure 2.8.

In capsule-based self-healing systems the healing agent is stored in
microcapsules. Their rupture, caused by damage (typically by crack growth)
releases the content of capsules that produces “healing”. The efficiency of
this healing strategy has been confirmed for bulk materials, especially for
EP. There are different encapsulation techniques and strategies [81]. Not all
of the methods developed for bulk materials are suitable, however, for the
interphase. Jones and coworkers [82, 83] adopted the solvent-based heal-
ing chemistry for a single-capsule approach. They encapsulated the heal-
ing epoxy along with a solvent in a urea/formaldehyde resin-based (UF)
shell. The latter was produced in situ by reacting urea with formaldehyde



90 INTERFACE/INTERPHASE IN POLYMER NANOCOMPOSITES

Less matrix cracking

Debonding — — Broken
capsule
*—Capsule
Matrix —
| ~Healed area
Cracks~"|
Loading
(@) (b)

Figure 2.8 Scheme of the self-healing process in the interphase triggered by the capsule-
technique: (a) un-healed case, (b) healing promoted by the agent contained in the
microcapsules surrounding the fibers. When stress is applied, the stress concentration
around the fibers causes breakage of capsules and the consequent release of the healing
agent contained-in-thesame. The result is less matrix cracking in the healed damaged
system.

in oil-in-water type emulsion. The big challenge was to produce nanometer
sized capsules and place them on the surface of the reinforcing fiber. The
healing process involved swelling of the EP matrix by the solvent, thereby
allowing the healing epoxy to reach the residual reactive amine groups of
the EP resin. The GF fibers were dip coated in an aqueous suspension con-
taining the capsules [82], whereas for CF a binder formulation was neces-
sary to stabilize the capsules on the CF surface [83]. The healing efficiency,
measured in repeated microbond tests, reached up to 80%. The beauty of
this solvent based epoxy healing is that the stoichiometry is not relevant.
This, however, should be taken into account when the healing resin and
hardener are separately encapsulated.


alex
Cross-Out


INTERPHASE ENGINEERING WITH NANOFILLERS IN FIBER-REINFORCED 91

2.3.3 Damping

The vibration damping of composite materials is often too low for some
applications. Vibration suppression can be attained by increasing the loss
modulus to which the interphase may markedly contribute [84]. Recall
that in advanced composites containing UD fibers in 70 vol. % there is
practically no bulk matrix anymore. Since the vibration energy can be dis-
sipated via frictional interactions, slippage between the fiber and matrix
could be beneficial. This can, however, be triggered by using hierarchical
fibers produced by whatever means as reinforcements. CNT-CNT interac-
tions and CNT-matrix frictional stick-slip effects may be efficient energy
dissipation mechanisms. This strategy was followed by Tehrani et al. [85]
who used catalytic chemical vapour deposition (CVD) utilizing a rela-
tively low temperature synthesis technique named graphitic structures by
design (GSD). The CNT coated CF fabric reinforced EP showed consider-
ably higher loss modulus in the frequency range (1-60 Hz) studied than
all other reference composites (raw, heat treated, sputter coated, and CVD
coated). Accordingly, hierarchically structured reinforcing fibers may also
improve the damping of the corresponding composites [54].

2.4 Outlook and Future Trends

The recent developments in interphase engineering should help in the
characterization, testing and modelling of the interphase in composites.

For chemical analysis of the fiber surfaces, several techniques have been
well established. Jesson and Watts recently reviewed the main experimental
techniques for the interface and interphase characterization [86]. To assess
the surface functionality and heterogeneity, atomic force microscopy, and its
variants have been shown to be useful [87]. Testing of microcomposites is
often coupled with other techniques, such as laser Raman microscopy. This
has been adapted also for the fragmentation test of microcomposites with
hierarchical fibers [88]. Apart from microbond and pull-out tests, nanoin-
dentation is frequently used to determine the interphase thickness and assess
the changes therein via mapping [89-91]. Results obtained with nanoinden-
tation of composites with hierarchical fibers suggested that this technique
might be problematic owing to the onset of locally arising stresses [92].

To gain a better understanding of the role of MWCNT grafted CF on shear
deformation in microbond and fragmentation tests, a molecular dynamics
model was developed [93]. The simulation predicted that MWCNT grafting
enhanced the shear modulus and strength of the interphase compared to
the matrix. Romanov et al. [94] demonstrated in a 3D finite element model
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that CN'Ts grown on CF alter the stress distribution in composites, in fact. In
this model a 3D unit cell of UD CF composite (volume fraction of CF = 0.6),
with and without CNT forest on the CF surface was subjected to transverse
tensile loading. The stress field was analyzed using the embedded regions
technique. Figure 9 presents the contour plots of the maximum principal
stress in the matrix for the composite with and without CNTs. In the former
case the density of the CNT forest was varied (low, high).

It is obvious from Figure 2.9 that CNT grafting drastically changed the
stress distribution in the interphase. Through CNT “foresting” the stress
concentration at the fiber/matrix interface can be markedly suppressed.
Modelling the interphase region due to nanoparticles incorporation is a
hot topic nowadays [95, 96].

Interphase engineering is benefitting from the ongoing extensive
research on nano-fillers and nano-composites. Some of the recent devel-
opments with polymer nanocomposites, marking a change from structural
toward functional properties, will be very likely adopted to tailor the inter-
phase properties. Attempts will be made to combine sensing with actuation
function. Self-diagnostic options for structural health monitoring will also
be addressed. Moreover, novel functions may be explored, such as separa-
tion of the heat conduction from the electric one, thermal regulation by
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Figure 2.9 2D contour plots of the maximum principal stress in a composite with UD
aligned CFs without and with CNT forests on their surfaces. Notes: loading occurred
in the x-direction. The density of the grown CNT on the hierarchical CF has also been
considered. (adapted from Ref. [94]).
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phase-changing material coatings, electromagnetic interference shielding.
Creation of novel functional properties in the interphase should not com-
promise, however, its traditional load transfer role.

Interphase engineering will be supported by extensive modeling with
more and more refined multiscale approaches. The input parameters
of these models will be deduced from complex tests. For example, the
mechanical tests will be combined simultaneously with other analytical,
structure — and functional property-related test methods.

2.5 Summary

In this chapter a picture has been depicted of the ongoing research on
interphase engineering with nanofillers in fiber-reinforced polymer com-
posites. It turned out that the field represents a very exciting research area.
In fact, several still open problems regarding interfaces and interphases in
fibrous polymer composites could find a possible solution by exploiting
some of the peculiar features of nanofillers. First of all, their dimensions in
the nanometric range are fully compatible with the highly packed structure
of composites containing elevated volume fractions of reinforcing fibers.
In fact, nanofillers can be conveniently deposited on the surface of the
reinforcements by different techniques resulting in physical or chemical
adhesion. Moreover, practically all nanofillers can be properly functional-
ized to enhance their chemical compatibility with both fibers and matrices.
On the other hand, bulk matrix modification can also be a valuable strat-
egy to enhance the interphase properties. The possibility to modify both
mechanical and functional properties of interphases by a proper selection
of nanofillers and dispersion/localization of the same in the composite
materials also stimulated the imagination of researchers. As a result, new
composite materials with sensing/damage detection, self-healing/repair
and damping capabilities have been successfully prepared by nanomodi-
fication of interphases.
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2.7 Nomenclature

AF

BF

CF

CNF
CNT
CVD
DWCNT
EP

EPD
ESD

Gy

GF

GNP
GO
GSD
IFSS
ILSS
LCP
MWCNT
NF

PAN
PBO
PEI

PET

PP

SBS
SWCNT
UD
UHMWPE
UP

VE
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