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Abstract: This article underlines the observation that, unlike the underperformance of nanocompos-
ites in as far as their static mechanical properties of modulus and strength are concerned, fracture
toughness exhibits exceptional behavior. This is attributed to the fact that fracture toughness expresses
a measure of the energy absorbed in crack propagation, namely, the energy involved in creating
new surface area, which, in turn, is controlled by a specific type of energy-dissipating interaction of
the crack front with nanoparticles. This concise review focuses on two micromechanisms that are
considered representative of energy dissipation due to their frequent presence in nanocomposites
of both nanoparticles and nanofibers. Examples taken from recent relevant articles are presented to
showcase fracture toughness improvements by nanoparticles.
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1. Introduction

The invention of carbon nanotubes, with their anticipated extremely high mechanical
properties, has generated significant interest in the prospects of utilizing them for ultra-
high-mechanical-property composite materials. Moreover, this discovery has instigated a
broader interest in a new class of composites, namely, nanocomposites, wherein polymer
matrices are reinforced by various newly invented nanofillers. Obviously, classical mi-
cromechanical models and mechanisms have been implicit a priori to explain the behavior
of nanocomposites, with the expectation that small concentrations of nanoreinforcement
can lead to extremely high mechanical properties.

However, as shown in a Composites Encyclopedia chapter [1], in most of the examples,
the empirical values of mechanical properties of different nanocomposites fall significantly
below the expected ones. Concomitantly, the application of classical micromechanical
models and mechanisms fail, by and large, to predict the mechanical properties of nanocom-
posites. Indeed, a number of examples exist in the literature, where it is observed that low
contents that are well dispersed exhibit an apparent linear behavior in the strength and
modulus; yet, the actual mechanical properties are much below the expectations. This can
be explained by the fact that there are too many unknowns regarding nanofillers, which
would be accountable for the large difference between the predicted and the measured
properties, e.g., the inherent mechanical properties (the modulus and the strength) of the
nanoparticles. Are they 2D or 3D aligned or randomly dispersed in the matrix? Are they
fully exfoliated? What is their actual aspect ratio? It is also unclear whether or not the
classical stress transfer mechanism is relevant to nanocomposites.

Unlike the underperformance of nanocomposites in as far as their static mechanical
properties of modulus and strength are concerned, fracture toughness exhibits exceptional
behavior. This is attributed to the fact that fracture toughness expresses a measure of the
energy absorbed in crack propagation, namely, the energy involved in creating new surface
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area, which, in turn, is controlled by the specific type of energy-dissipating interaction of
the crack front with nanoparticles [1]. Consequently, nanofillers are used in relatively small
quantities to toughen pristine polymer matrices and fiber-reinforced composites.

The question of whether nanoparticles affect fracture toughness (and other physical
properties, e.g., the glass transition) was recently addressed in two opinion articles present-
ing a perspective on the structure and properties of nanocomposites [2,3]. The conclusion
of these articles highlights the idea that the nanometric or molecular structure of nanocom-
posites is influenced by several factors: the type and extent of exfoliation of nanoparticles,
their dispersion, and their interaction with the polymer matrix. Specifically, the articles
distinguish between two types of structures: solid solutions and molecular composites. In
cases where there are weak or no interactions between the nanoparticles and the matrix,
the result is a solid solution. Conversely, when strong interfacial bonding occurs, creating a
network of continuous molecular chains, the structure is classified as a molecular composite.
Such structural features—joined with specific characteristics of the nanoparticles (as listed
hereafter)—are expected to control the toughness of nanocomposites.

The aim of this brief review is to present different cases of the toughening of nanocom-
posites and to analyze the contribution of nanofillers to the enhancement of energy dissi-
pation during fracture propagation. An emphasis is made on two specific mechanisms of
nanofiller–crack front interactions that trigger secondary microprocesses in which the ab-
sorption of energy translates to a higher fracture surface energy. The energy that is invested
in such microprocesses depends mostly on the geometric aspect ratio of the nanofillers
(nanoparticles, nanoplatelets, and nanofibers), area-to-volume ratio of the nanofillers, their
type, and the interfacial interactions with the matrix. In the review below, we focus on
two micromechanisms that are considered representative of energy dissipation due to their
frequent presence in nanocomposites. They refer to nanoparticles and nanofibers.

2. Fracture Mechanics and Toughness of Polymer Nanocomposites

Fracture toughness is regarded as a significant property in determining whether
the material is suitable for certain specific applications without failing. To study the
effects of nanofillers on the fracture toughness of polymer nanocomposites, a distinction
should be made based on the typology of the nanofillers, e.g., CNTs; plate-like nanofillers,
either graphene or clay; and nanoparticles. A literature survey of studies on the fracture
toughness of nanocomposites shows that this property is enhanced significantly for even
minor additions of different nanoparticles, demonstrating that various mechanisms are
active in the energy absorption process [1].

In contrast to the static properties of strength and stiffness, the fracture mechanics and
toughness of nanocomposites are not influenced by an effective stress transfer mechanism.
Instead, they depend on the geometry of the nanoparticles. The key factor affecting
toughness is the interaction between the crack front and the nanoparticles, which can
interrupt or stop crack propagation. Those interactions are so highly energetic that they
essentially dominate the fracture process. They can be orders of magnitude more powerful
than the intrinsic fracture processes involved in breaking the matrix, whose contribution to
the overall fracture energy is relatively negligible and can in fact be disregarded.

In general, we identify two prototypical interactions, depending on the geometry of
the nanoparticles as expressed by their aspect ratio. In the first mechanism, which applies to
tube or rode-like geometries, fracture energy is dissipated initially in the shear failure of the
particle/matrix interface followed by the work of friction pulling out the nanoparticles from
the matrix. The second mechanism, which applies to low aspect ratio particles, for example,
nanospheres, incurs particle–crack front interactions, wherein the particles act as pinning
positions that slow down the crack front propagation. This classification, which divides
nanocomposites into two groups based on the aspect ratio of their nanoreinforcements,
is somewhat simplistic. While it addresses the primary mechanisms of fracture surface
energy absorption, it is clear that other mechanisms—whether acting independently or
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in combination, including those within the matrix—can also contribute to the overall
energy absorption.

2.1. Nanofiber Pull-Out

Having no restrictions on the actual dimensions and aspect ratio of the reinforcement,
the classical model (Equation (1)) that describes the pull-out energy dissipated in fracture
of discontinuous fiber reinforced composites should apply for nanoreinforcements as well.
Moreover, a number of reports exist, which show that strongly bonded, surface-treated CNT
can bridge the crack front and then eventually break crack propagation while dissipating
high fracture energy by both breaking and pull-out. A pull-out process is depicted in
Figure 1, showing a section of a nanorod of length l—from its end to the main fracture
plane—as it is being pulled-out due to external stress. Considering the fiber pull-out
frictional energy, it is given by

γpo =
ϕ f τi f l2

24r
(1)

where γpo is the pull-out component of the fracture surface energy, ϕf is the volume content
of the nanorods, τif is the fiber/matrix interfacial shear strength, and l and r are the fiber
length and radius, respectively [1]. Equation (1) expresses the frictional energy dissipated
in retrieving a rod-like nanoparticle from the matrix at the crack tip. This mechanism
interferes with crack propagation to the extent that it controls the fracture process in the
nanocomposite and dominates its total fracture surface energy.
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Figure 1. Illustrations of the pull-out mechanism in nanocomposites reinforced with high aspect ratio
nanoparticles, like carbon nanotubes, depicting a segment of a nanorod of length l from its end to
the main fracture plane. This segment is shown being extracted from the matrix by external stress.
The fracture surface energy is contributed by the frictional work dissipated at the nanofiber/matrix
interface. The black arrows mark the pull-out and the frictional stresses, respectively, operating on
the nanorod (in green).

A recent example of a huge contribution (85–145%) of surface-treated CNT to the Mode
II interlaminar fracture toughness (ILFT) of interleaved epoxy/carbon fabric laminates
demonstrates clearly both the protruding CNTs and the increased surface roughness [4].

2.2. Crack Front Bowing

A classical model of the crack arrest mechanism known as crack front bowing was
proposed by Lange [5] for low aspect ratio particles and is presented schematically in
Figure 2. According to this model, as the crack front, which is temporarily held up by
nanoparticle inhomogeneities, bows outward, the fracture energy should increase due to
the elongation of the crack path. The model quantifies this increase in fracture energy
based on the additional length of the bowed crack front, which depends on the distance
between particles and their size and volume fraction. This significant energy absorption is
evident from the pronounced roughness of the fracture surface, which can be quantitatively
evaluated using a microscopic evaluation of the bow’s marks on the fracture surface [5].
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Figure 2. Schematics of a moving crack front pinned momentarily by a row of nanoparticles within
the matrix, which are identified as inhomogeneities. The bow span increases by gradually bowing
out under the action of the applied fracture stress, until its eventual catastrophic breaking away,
which is to be stopped by the next row of nanoparticles. The surplus fracture surface energy is
accounted for by a continuous series of crack arrest–breakaway catastrophic crack jump events, con-
tributing to an overall controlled fracture propagation process (after Lange [5]). Arched dotted lines
indicate the crack bowing and pinning trajectories; the arrows indicate the applied Mode I opening
load directions.

The crack front bowing mechanisms comprises three stages: (i) arresting the advancing
crack front by its pinning at an array of nanoparticles; (ii) bowing out of the crack front,
leaving its bow-like marks on the nascent fracture surface; and (iii) propagating by a
catastrophic breaking away of the crack front from the pinning points all the way to the
next array of nanoparticles. The surplus energy is accounted for by a continuous series of
crack arrest–breakaway events, where the overall fracture propagation process is controlled
by energy loss in a series of catastrophic crack jump steps.

3. Examples of Fracture in Nanocomposites

Fracture toughness is regarded a significant property in determining whether the ma-
terial is suitable for certain specific applications without fracturing [6,7]. This feature stands
out in view of our recent claim regarding the mechanical properties of nanocomposites,
suggesting that, whereas strength and stiffness do not perform up to the expectations, their
fracture toughness is outstanding. As shown in [1], the toughness of nanocomposites is
enhanced significantly for even minor additions of different nanoparticles, demonstrating
that either or both mechanisms, and other ones, are active in the energy absorption process.
Below, we showcase a number of examples taken from most recent relevant articles.

The examples of nanocomposites listed below may be divided according to two main
classifications: 1- nanocomposites reinforced with nanotubes (examples: 5;8;12;14;15)
and with nanofibers (examples: 2;3;7;21–24), corresponding mainly to the above-described
fiber pull-out mechanism and 2- nanocomposites reinforced with nanoparticles (exam-
ples: 1;4;6;9–11;13;16–20), corresponding mainly to the above-described crack front
bowing mechanism.

Examples include the following:

1. Nanocomposite films of pullulan reinforced by starch nanoplatelets (biomimicking a
leaf vein network structure) exhibited enhanced mechanical properties: specifically,
toughness values of pullulan with 1% w/w nanoplatelets reached up to 69.65 MJ m−3,
being 223% higher than that of the neat pullulan film [8].

2. Nanocomposites of an epoxy matrix, reinforced by a hybrid nanofiller consisting of
exfoliated montmorillonite clay layers inside a fibrous network of cellulose nanofibers
(CNF), were developed by using a sustainable green hybrid nanofiller. The inclusion
of 0.5 phr of only CNF (1.085 MPa m1/2) enhanced the fracture toughness value by
25% compared to neat epoxy (from 0.866 MPa m½ to 1.085 MPa m½). Although the
addition of nanoclay alone did not exhibit a significant improvement, the addition of
0.5 phr of the hybrid nanofiller resulted in a drastic increase of 32.3% in the KIC value
(1.176 MPa m1/2) [9].
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3. Efficient balance between hardness/toughness and transparency was obtained in
PMMA-based nanocomposites, by the simultaneous addition of controlled amounts
of poly (vinyl butyral) (PVB) and titania (TiO2) nanofibers.
Accordingly, PMMA/PVB/TiO2 composites containing 3 wt% and 5 wt% nanopar-
ticles exhibited a significantly higher fracture toughness compared with the neat
polymer: 2.73 (0.128) MPa m1/2, 4.24 (0.154) MPa m1/2, and 3.16 (0.495) MPa m1/2,
respectively. Also, the fracture toughness of the PMMA nanocomposite was increased
by 55% by the addition of 3 wt% titania nanoparticles, while maintaining a high
transmittance above 75–80% in the visible domain [10].

4. Thermo-conductive and healable nanocomposites, exhibiting a nacre-like hierarchical
architecture, produced by incorporating boron nitride nanosheets (BNNSs) into a
polyurethane matrix through a bottom-up assembly process and lamination technol-
ogy, resulted in a simultaneous enhancement in stiffness of 5.3 times, in strength of
20.1 times, and in fracture toughness of 16.4 times in the nacre-mimetic nanocomposite
compared to those of the polyurethane matrix [11].

5. Multiwall carbon nanotube (MWCNT)-MXene hybrid nanofillers-based epoxy
nanocomposites exhibited a fracture toughness of 1.79 MPa·m1/2 with the addi-
tion of 1 wt% MWCNT/MXene hybrid, as compared to only 0.97 MPa·m1/2 of the
neat epoxy measured, primarily attributed to crack deflection and filler debonding
mechanisms [12].

6. A nacre-inspired lightweight and thermally conductive boron nitride nanosheet/epoxy
layered (BNNEL) nanocomposite, exhibited a high fracture toughness of 4.22 MPa·m1/2

at a boron nitride nanosheet loading of 2.08 vol.%, being seven-fold higher than the
fracture toughness of the pure epoxy matrix [13].

7. Poly(arylene ether ketone)-based nanocomposites, containing 0.1% of cellulose
nanofibers (CNF), preliminarily dispersed in the monomer prior to polymerization,
increased both tensile strength and elongation and improved the tensile fracture
toughness to approximately two-fold, to 44.1 MJ m−3, as compared to 21.3 MJ m−3

in the pure matrix. An amount of 0.1% was found to be the maximum CNF amount,
which did not reduce the molecular weight of the poly(arylene ether ketone) matrix.
At 0.1 wt% CNF, both tensile strength and elongation increased about 30% and 83%,
respectively, and the tensile toughness was increased by 207%, through the interaction
between the matrix and the nanofiber filler [14].

8. A silicone rubber-based stretchable piezoresistive strain sensor nanocomposite was
synergistically toughened, using multiwalled carbon nanotubes (MWCNTs) and
molybdenum disulfide (MoS2). A toughness of 8.46 kJ/m3 was obtained at 5 phr
MWCNT-MoS2 hybrids, being 125% higher than the unfilled rubber, indicating a
significant synergistic effect of the hybrid filler [15].

9. The effect of random Graphene Nanoplatelets (GNP) versus aligned Fe3O4-GNP
nanoplatelets on the fracture resistance of epoxy nanocomposites was investigated,
attempting at optimizing fracture properties like the crack growth resistance (KIC),
critical stress in tensity factor (GIC), and critical crack tip opening displacement
(CTODc). The results indicated a significant increase in fracture toughness of 27.39%
and 58.64% for the respective aligned Fe3O4-GNP and GNP loadings, at 0.600 wt%,
(1.2 MPa m1/2 and 1.49 MPa m1/2, respectively, as compared to 0.94 MPa m1/2, for
pure epoxy) [16].

10. Nanocomposites of PMMA-ZrO2 were investigated for biomedical and denture im-
plant applications. The fracture toughness consistently increased with increasing
nanofiller content, reaching a maximum value of 6.58 MPa m½, obtained at a 5%
nanofiller content (as compared to about 5 MPa m½ for the neat PMMA), and drasti-
cally decreased with higher nanofiller contents [17].

11. A “bottom-up” manufacturing method of montmorillonite-based nanocomposite
material was investigated with the purpose of mimicking the freshwater mussel
Cristaria plicata’s nacre architecture and properties by the self-assembly of montmo-
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rillonite/chitosan/polyvinyl alcohol and low-temperature lamination process—thus
resembling the mussel’s shell consisting of a combination of aragonite and organic
matter arranged in an oriented “Brick-and-Mortar” pattern. A fracture toughness of
~2.2 MPa m1/2 was obtained for the artificial nacre, which is only slightly lower than
that of natural C. plicata nacre (~2.4 MPa m1/2) [18].

12. Epoxy-based nanocomposites reinforced by carbon nanotubes (CNT) sponge were pre-
pared in order to solve the difficulties associated with the dispersion and re-agglomeration
of the CNTs. The KIC value of the nanocomposites reached 1.86 MPa m1/2, being
104% higher compared with that of the matrix (KIC(Epoxy) = 0.91 MPa m1/2). The im-
proved fracture properties of nanocomposites were mainly attributed to crack deflection
and bifurcation [19].

13. The effect of nanofillers dimensions on the mechanical and toughness properties of
epoxy resin was investigated using two-dimensional boron nitride (BN) and zero-
dimensional silica (SiO2). At 3.0 wt%, KIC values of 1.020 MPa m0.5 and 1.135 MPa m0.5,
were obtained for epoxy/BN and epoxy/SiO2, respectively, as compared to
0.597 MPa m0.5 for the neat epoxy [20].

14. Nanocomposites consisting of epoxy/carbon fabric (CF) laminate composites with
inclusions of 0.5 to 2 wt% multiwalled carbon nanotubes (MWCNT) were analyzed.
The volume fraction of carbon fabric was 0.65 for all the laminates. The tensile and
fracture properties of the composites improved significantly with MWCNT content,
but declined beyond 1 wt%, due to agglomeration. The fracture toughness properties
of epoxy nano and multiscale composites were 3.0 MPa m1/2 and 19.1 MPa m1/2,
respectively, as compared to 1.8 MPa m1/2 for the neat epoxy [21].

15. Carboxyl-functionalized multiwalled carbon nanotubes (COOH-MWCNTs) and a
thermoplastic polyetherimide (TP), were combined with each of the two types of
epoxy resins, namely, diglycidyl ether of bisphenol A (DGEBA) and tetraglycidyl-
4,4′-diaminodiphenylmethane (TGDDM). The Mode-I fracture toughness (GIC), of
the epoxy blends exhibited a synergistic enhancement in the fracture toughness of
the resin. The highest obtained values for DGEBA were with 0.3% CNT and 10% TP:
182.6 J m−2, as compared to 96 J m−2 for the pure matrix, and for TGDDM with 0.3%
CNT and 10% TP: 130.7 J m−2, as compared to 61.3 J m−2 for the pure matrix [22].

16. Epoxy nanocomposites, with two-dimensional (2H polytype) molybdenum disulfide
(MoS2) nanoplatelets as a filler, functionalized by simultaneous in situ exfoliation
in the presence of cetyltrimethylammonium bromide (CTAB), were fabricated via
sonication, ranging in content from 0.1 wt% up to 1 wt%.
The maximum fracture properties were obtained with an f-MoS2 nanoplatelets loading
of 0.25 wt% as it shows KIC value of 1.52 MPa m1/2, corresponding to an improvement
of 81% when compared to neat epoxy (0.84 MPa m1/2), which declined for higher
nanoplatelet loads [23].

17. Carbon black-filled epoxy nanocomposites were produced with 1%, 3%, 5%, and
10% filler loading. The fracture toughness value of all nanocomposites showed an
increasing trend with the increase in the CNBFs loading up to 5%, beyond which a
pronounced decline was observed—the highest fracture toughness obtained reached
2.3 MPa m1/2, compared to 0.22 MPa m1/2 for the pure epoxy matrix [24].

18. Epoxy nanocomposites with ozone and tetraethylenepentamine (TEPA)-functionalized
nanodiamonds (ozone/TEPA ND) were produced to improve thermal conductivity and
fracture resistance by enhancing interfacial interactions. The highest fracture toughness
was achieved with 0.5 wt% ozone/TEPA ND composites (16.1 MPa m1/2), which was
121% higher than with the pristine non-functionalized ND nanocomposite [25].

19. Poly(butylene terephthalate) (PBT) nanocomposites were reinforced with montmoril-
lonite (MMT) and nano precipitated calcium carbonate (NPCC). The highest fracture
toughness values were obtained at 6% nanofiller content for each of the two nanocom-
posite types, i.e., 2.01 MPa m1/2 and 1.86 MPa m1/2 for the PBT-MMT and PBT-NPCC
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nanocomposites, respectively, being 57% and 45% higher than the fracture toughness
of the neat matrix (1.28 MPa m1/2), respectively [26].

20. A green and efficient method was used to prepare epoxy/GO nanocomposites by in
situ polymerization for synthesizing nanocomposites, eliminating the need for organic
solvents and surfactants. EP/GO nanocomposites with 0.6 wt% of GO exhibited a
fracture toughness of 1.62 MJ m−3 compared to the fracture toughness of the pure
epoxy of 0.66 MJ m−3 [27].

21. Hybrid ternary systems of thermoplastic/Cloisite clay/thermoset polyester, contain-
ing a thermoplastic additive (copolymer of methyl methacrylate and styrene, were
prepared and analyzed. While a consistent decrease in the tensile stress was observed
for all tested nanocomposites formulations, as compared to the pristine matrix—all
tested samples exhibited significant fracture toughness enhancement. Depending on
the nanocomposite formulation type, a maximum fracture toughness enhancement of
66% was obtained [28].

22. Epoxy nanocomposites were prepared with aramid nanofibers (ANFs), which
were surface-functionalized with chlorinated cellulose nanocrystals and 3
-glycidoxypropyltrimethoxysilane, intended at improving compatibility with the
epoxy matrix. At 1.5 wt% nanofiber content, the Young’s modulus and tensile
strength were increased by 15.1% and 10.1%, respectively, and the fracture tough-
ness exhibited a 250% increase, as compared to the neat epoxy resin [29].

23. Nature-derived nanocellulose (NC) reinforcement was used to fabricate shape mem-
ory epoxy-based nanocomposites (SMEPNs). NC acetylation modification was per-
formed to improve the compatibility between NCs and the epoxy matrix. SMEPNs
with 0.06 wt% of the nanofibers resulted in a fracture toughness improvement of
over 42%, along with the enhancement of only several % in the elastic modulus, and
ultimate strength [30].

24. Epoxy nanocomposites with aramid nanofibers (ANFs) functionalized with glycidyl
ether silane exhibited a Young’s modulus and tensile strength increase of 16.8% and
14.0%, respectively, at 1 wt% ANFs, and a fracture toughness increase by 440% at
1.5 wt% ANFs [31].

Thus, it may be clearly deduced that within the many exemplified nanocomposites,
nanoreinforcement leads to a very pronounced enhancement of fracture toughness of
between tens to hundreds of %, with the maximum values of which being reached at
extremely low loading percentages, commonly between 0.1 and 1.5% nanofiller.

This is in strong contrast with the effect of nanofillers on the tensile strength and
modulus of nanocomposites, with the increase being much smaller compared to that of
the fracture toughness. For example, the hereby calculated average values of the increase
percentage of the tensile strength and the modulus in 34 different reported carbon nanofiber-
reinforced epoxy nanocomposites [32] are only 17.3% (SD = 18.4) and 22.9% (SD = 27),
respectively. It is also important to note that, for both the tensile strength and the modulus,
the standard deviation is larger than the average value, which in this case stems from a
decrease in these tensile properties in some of the nanocomposites (i.e., negative increase
values) [32].

Nevertheless, as opposed to regular fillers, which do not enhance and mostly even
decrease the ultimate strengths as compared with the pure matrix (while modulus and Tg
are increased) [33], nanofillers mostly lead to an increase in both tensile strength and mod-
ulus, though a steady decrease is observed above approximately the same load thresholds
of between 0.1 and 1.5%, as observed for the fracture toughness. This is most probably due
to the agglomeration effect.

4. Effects of Agglomeration

Among the most dominant inherent properties of nanomaterials is their extremely
high specific surface area. This property is most enhanced in two types of geometries:
the first is a one-dimensional geometry, constituting of nanofibers, and the second is a
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two-dimensional geometry, constituting nanoplates [34,35]. For example, some nanoclay
minerals such as montmorillonite may reach a specific surface area of between 500 and
700 m2/g [34–36].

Thus, theoretically, a very efficient reinforcing effect in nanocomposites would be ex-
pected. Nevertheless, this extremely high specific surface area of nanofillers also inherently
produces very high attraction forces between nanoparticles and the abundant formation
of interparticle physical bonds, thereby producing nanoparticles agglomerations and sig-
nificantly reducing their interface with the matrix trough, which is where stress transfer
would occur. Most agglomeration occurs during nanocomposite processing, resulting in
nanofillers agglomerates with or without polymer matrix penetration [37–41].

Among the main approaches, which are abundantly researched and applied in an at-
tempt of minimizing agglomeration, are various dispersion and exfoliation techniques (e.g.,
by sonication) and the surface coating or functionalization of the nanofillers—thus minimiz-
ing interparticle attraction and increasing particle–matrix compatibility and optimizing the
processing parameters (e.g., extruder screw-related parameters). All attempted approaches
do not completely prevent agglomeration and at least some agglomeration always exists in
polymer nanocomposites [37–41]. Also, it was observed, for carbon nanotube-reinforced
polymer nanocomposites, that agglomerates occurred despite functionalization and that
cracks penetrated through the agglomerates into the matrix, thus not participating in
resisting the crack and not contributing to enhancing fracture toughness [40,42].

5. Aspects of Polymer Chain Behavior and Interphase Formation
5.1. Chain Configuration

The main characteristic separating polymer nanocomposites from ceramic and metal
nanocomposites is the fact that polymers consist of macromolecular chains of extremely
high molecular weights, ranging from tens of thousands, to hundreds of thousands, and
even to millions of g/mol. Consequently, in contrast to ceramic and metal matrices, the
spatial configuration and orientation of the polymeric chains within the polymeric ma-
trix constitutes a paramount factor affecting practically every aspect related to the final
nanocomposite properties. As opposed to the average molecular weight and eventual
degree of crosslinking (if present), which may be controlled via well-known mechanisms,
local short-range and even overall long-range chain orientation within the polymer matrix
are very difficult to control or prevent. This is mainly due to processing-related liquid
polymer flow (of either the melt, or pre-crosslinked liquid), producing shear stresses that
lead to polymer chain extension and orientation. This phenomenon results in inhomo-
geneities within the nanocomposite polymer matrix, affecting all physical and mechanical
properties, including inhomogeneities in the crystallization of crystallizable polymeric
matrices [43–46].

Although crosslinked polymeric matrices are commonly amorphous and the crosslink-
ing process usually occurs under quiescent conditions in a mold, anisotropy may still
occur due to chain orientation during pre-crosslinking flow-induced shear stresses the and
crosslinking of the chains in an oriented chain-extended state. It was recently demonstrated
in highly crosslinked segmented polyurethanes that the crosslinked networks are anchored
in extended chain conformation, following pre-crosslinking stirring-related chain-orienting
shear stresses [47]. This resulted in a significant anisotropic mechanical behavior, with
enhanced properties in the oriented chain direction, and the significant chain-extended
crystallization of otherwise non-crystallizable segments [47].

5.2. Interphases in Polymer Nanocomposites

Two different types of interphases are widely researched and reported as related to
polymer nanocomposites.

The first type is the transcrystalline interphase, which is widely known in both poly-
meric composites [48–59] and polymeric nanocomposites [60–63] and can only be formed
in crystallizable matrices.
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Nanofibers and nanoparticles generally act as heterogeneous nucleating surfaces,
inducing highly dense nuclei, which hinder the lateral extension of the crystals and force
them to grow in one direction, outward from and normal to the nucleating nanofiller sur-
face, resulting in oriented lamellar microstructures that constitute the transcrystalline
layer interphase [60–63]. Single-fiber pull-out tests have demonstrated that the pres-
ence of a transcrystalline interphase significantly improves interfacial adhesion and stress
transfer [60].

The second type of interphase is generally viewed as an ultrathin disordered layer
surrounding each individual nanofiller (when ideally dispersed and distanced from each
other), exhibiting different properties from bulk matrix and nanoparticles [45]. At the
interface between the nanofillers and bulk polymers, the chain dynamics are reported to
be different from those of the bulk polymer. The polymer chains, which adsorb to the
nanofiller surface and accumulate near the surface, are relatively sparse and have an excess
free volume [64–67]. Also, this adsorption is believed to be irreversible due to a supposedly
required simultaneous desorption of all adsorbed segments [66]. However, it has also been
argued that the adsorbed layers are not totally immobile under all circumstances [66]. It is
suggested that the improvement in the polymer nanocomposites properties stems from the
interphase formed between the nanofillers and bulk polymer matrix due to chain dynamics
that are different from those of the bulk. The level and properties of the interphase are
considered to predominantly affect the level of dissipated energy by different damaging
mechanisms that occur at the nanoscale [64–67].

Nevertheless, the interphase cannot be experimentally characterized due to its very
small thickness. Thus, the properties of the interphase could only be assessed by various
modeling approaches. Accordingly, a multi-layered interphase was suggested to form in
polymer nanocomposites. It was also assumed that each layer in the interphase possesses
different properties [65].

The disordered state of this interphase, though, may be disputed in view of the
above-discussed processing-related melt flow and the consequent polymer chain ori-
entation due to the shear stresses induced by said flow. Thus, the processing-induced
liquid-state matrix flow in the preparation of nanocomposites inevitably also occurs at the
nanofiller–matrix interface.

It was demonstrated in a recent study [68] that processing-related melt flow against
any interface—even at the interface with air (e.g., the interface with an entrapped air bubble
or at the edges of the sample)—results in a shear stress-related chain orientation at said
interfaces. It was also demonstrated [68] that a mechanism of self-shear chain orientation
occurs as a consequence of crystal growth within the polymer melt. It was shown that this
probably inevitable chain orientation at interfaces induces the heterogeneous nucleation of
transcrystalline interphases thereon and is also the mechanism by which banded spherulites
are formed [68]. This was also in strong agreement with a previous study suggesting a
similar shear orientation mechanism at the melt–crystalline interface [69].

Thus, it is highly possible that the above-described interphase, commonly considered
as disordered [64–67], may actually be significantly ordered and at least partially chain-
oriented. This is also highly consistent with research reporting the development of a
transcrystalline interphase on nanofillers [60–63], since a transcrystalline interphase cannot
be heterogeneously nucleated on disordered polymer chains—only on oriented chains [70].

It may also be deduced here that the various types of anisotropy and inhomogeneities
in the polymer matrix influencing the development and properties of the interphases in
nanocomposites may also at least partially determine crack propagation directions and
pinning—thus significantly affecting the fracture toughness of polymer nanocomposites.

6. Nano-Geometrical and Atomic-Scale Effects

In terms of the interaction occurring at the interface between the polymeric matrix and
nanofillers, under an applied stress, various experimental and modeling approaches relate
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to the nano-geometry of nanofillers—particularly carbon nanotubes—and the atomic-scale
bonds and interactions therewith.

It was demonstrated that the load transfer efficiency of carbon nanotubes (CNTs)
directly depends on the atomic interface interaction with polymeric matrix molecules,
which is mostly very weak, in view of the high crystallinity of CNTs that renders them
inert [71]. The use of helical CNTs—exhibiting a helical nano-geometry—was shown to be
mechanically interlocked within the polymer matrix in polymeric nanocomposites [72]. It
was also demonstrated, that although their interface atomic bonding with polymeric matrix
molecules was weak, they exhibited strong pull-out resistance and efficient load transfer
when subjected to external loads [72]. Accordingly, a significant maximum increase in
fracture toughness of 31% was obtained with only 0.05% of helical CNTs, while approxi-
mately the same maximum increase in fracture toughness was obtained with double the
loading fraction, i.e., 0.1% of straight CNTs, as compared to the pristine epoxy matrix [72].
It was also reported [73] that the coiled CNT polyethylene nanocomposite exhibited a
higher energy absorption capability than the CNT-reinforced polyethylene nanocompos-
ite. Accordingly, at a load fraction of 1%, nanocomposite fracture toughness was only
1.012 MJ/m3 with straight CNTs and 1.842 MJ/m3 with coiled CNTs [73].

Computational studies are mostly based on both atomistic techniques such as molecu-
lar dynamics and continuum-based shell and beam models [74]. Also investigated was the
applicability of continuum models by comparison to molecular dynamics simulations [75].
Analytical expressions were presented for nanotubes and multiwall nanotubes, with shells
interacting through Van Der Wall forces [76,77]. The role of atomic scale interfaces in the
load transfer characteristics of nanotubes, as related to the compressive behavior of CNT-
reinforced nanocomposites, were investigated [78]. It was shown that in the post-buckling
stage, the nanotubes behave like short fibers and deform via crushing. Comparing with the
results of continuum solutions, it was concluded that the continuum solutions should be
applied cautiously as related to nanoscale interfaces [78].

7. Theoretical Investigations of Fracture Toughness

As hereby exemplified, a vast number of experimental studies have reported ad-
ditional energy dissipation due to factors that include interfacial debonding, formation
of shear bands around nanoparticles, crack propagation mechanisms, etc., occurring as
macroscale fractures, which progress in nanocomposites as main mechanisms that improve
fracture toughness. Thus, crack propagation in nanocomposites is increasingly viewed by
some recent modeling studies as a multiscale system consisting of simultaneous macroscale
fractures and nano/microscale energy dissipation [79,80]. Multiscale models were devel-
oped and suggested for CNT-reinforced nanocomposites, related to the main mechanisms
of pull-out of carbon nanotube [81], interfacial debonding of the CNTs [82], and plastic
void growth [83]. Multiscale models that include the possibility of CNT rupture were also
suggested [84,85].

8. Interlayer Nanoreinforcements of Polymer Composites

Although laminate composites have many distinct advantages over conventional
materials due to their excellent corrosion resistance, low density, and high specific modulus
and strength [86], they are highly susceptible to interfacial damage [87], resulting in very
poor out-of-plane transversal and in-plane shear performance [88–90].

The interlaminar properties of laminate composites depend exclusively on the char-
acteristics of the matrix and interface, thus exhibiting significant weakness under con-
ditions that generate shear stresses—e.g., under static or dynamic flexure. These shear
stresses develop at the midplane of the laminate, eventually causing interlaminar fail-
ure. Consequently, improving the mechanical properties in general and particularly the
interlaminar fracture toughness is among the most investigated aspects in the field of
polymer composites.
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Delamination was reported to be the main failure mechanism of carbon fiber-reinforced
polymer laminate composites, significantly reducing their strength and stiffness, which
can be of catastrophic consequences, especially in the aerospace industry [91]. Said de-
lamination failure process being mainly attributed to the lack of through-thickness fiber
reinforcement, hence the interlaminar regions are virtually governed by the brittle epoxy
resin matrix [91].

Various possible solutions were investigated in an attempt to mitigate these deficien-
cies by z-directional reinforcement, for example, z-pinning [92] and 3D stitched or woven
fibers [93]. Nevertheless, the in-plane mechanical properties of the laminated compos-
ites may consequently be compromised by frequently occurring fracture, crimping, and
misalignment of the reinforcing fibers [94].

It was demonstrated in relatively early studies [95,96] that interlaminar fracture tough-
ness can be significantly improved with the addition of extremely small amounts of car-
bon nanotubes, without significantly compromising the in-plane laminate mechanical
properties [94,96].

Interleaving is an extensively researched method, which focuses on the interlaminar
midplane, and consists of the selective placement of a leaf of nano-reinforced polymer at the
midplane of the laminated composite, instead of mixing an equivalent load of nanoparticles
throughout the matrix. This concept was shown to provide a relatively simple and significantly
effective means of interfacial toughening, without changing the prepreg processing, by matrix
modification using, for example, non-woven fiber veils [97–99], carbon nanotubes [100], and
graphene [101]. The advantages of nano-reinforced interleaving include being considerably
more cost-effective method since nanofillers are not wastefully dispersed throughout the
entire matrix, but confined to a selective region where the maximum shear stresses are
expected to occur. Thus, significantly smaller loads of nanofiller are required to obtain
the same improvement in fracture toughness with lesser effects on the laminate in-plane
mechanical properties.

Although a thicker interlayer was demonstrated to significantly improve the fracture
toughness of laminate composites using various nanofillers-containing interlayers [102–104],
it has the disadvantage of reducing the overall volume fraction of carbon fibers, thus im-
pairing the in-plane strength of the laminate composites [102–104].

A z-directional nanoreinforcement was used, attempting to mitigate the poor in-plane
shear and out-of-plane response of glass fiber–epoxy laminate composites under extreme
temperature conditions via the dispersion of either functionalized or non-functionalized
carbon nanotubes within the epoxy matrix and applying a z-direction electric field align-
ment treatment, resulting in an improvement of up to 47% in flexural strength compared to
the control laminate [105].

A study of the Mode I fracture toughness of polyethylene fibers and polyurethane
matrix composite laminates interleaved with thin polyurethane films with either untreated
or functionalized carbon nanotubes [106] showed a significant improvement of the Mode I
initiation and propagation fracture toughness, compared to the non-interleaved laminates
and laminates interleaved with unreinforced polyurethane films [106].

Woven carbon fiber/epoxy laminates, interleaved with 0.5% SP1 protein-treated car-
bon nanotube-reinforced epoxy nanocomposite thin leaves, were tested for Mode II in-
terlaminar fracture toughness and interlaminar shear strength [107]. The SP1 protein
functionalization was used in view of its ability to simultaneously bind to the carbon
nanotubes and to the epoxy matrix. An 85% improvement in the interlaminar fracture
toughness was obtained, without deteriorating the interlaminar shear strength [107].

Similar interleaved laminate composites, as in reference [107], were tested under
dynamic conditions [4]. The fracture properties were measured by the crack lap shear
method at two different loading rates, i.e., at 4 m/s and 8 m/s. It was demonstrated that
since the fracture toughness is sensitive to crack velocity, which in turn is determined by the
loading rate, fracture toughness is significantly higher at high crack velocities by becoming
more sensitive to the energy dissipation mechanisms of crack front interactions [4]. Mode II
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interlaminar fracture toughness improvements for both the crack initiation and propagation
phases reached up to 145% for certain dynamic loading conditions [4].

Carbon fiber laminate hybridization with glass fibers is often suggested and investi-
gated with the purpose of lowering the very costly carbon fiber content [108]. Nevertheless,
longitudinal delamination at the fiber interface was reported to occur due the significant
difference in the elongation behavior of these fiber types [108].

Veil interleaving was intensively investigated for inducing pseudo-ductility—i.e.,
reorientation of fibers under strain, thereby achieving a higher failure strain and nonlinear
behavior—to reduce the delamination and buckling that lead to premature failure in hybrid
laminates. For example, a pseudo-ductile response was obtained with hybrid carbon/E-
glass fibers laminate composites, interlayered by Nylon 6,6 nanofiber veils, thereby a 24%
increase in the strain at failure was obtained, along with a significant reduction in buckling
failure [109]. Also, for hybrid carbon/glass fiber composites, interlayered with Nylon 6,6
nanofiber veils under three-point bending cyclic loading, an improved flexural modulus
retention of 66.87% and a 10-fold increase in fatigue life was observed compared with the
non-veiled controls [110].

Nylon 6,6 nanofiber-reinforced veils in carbon fiber-reinforced polymer laminates,
exhibited an increase in fracture toughness for Mode I crack opening by 150% and Mode II
by 50% [111]. Also, the matrix cracking was reduced by 92% for a similar laminate using
electrospun nylon 6,6 nanofiber-reinforced veils [112].

9. Conclusions

Based on the examples above of various nanocomposites, it is concluded that nanopar-
ticles of different shapes and geometries—even at relatively low concentrations—improve
fracture toughness significantly in comparison with the pristine polymers. The improve-
ments stem from the ability of nanoparticles to interact with the advancing crack front via
various mechanisms (e.g., fiber pull-out and crack front bowing), thereby slowing down or
arresting its propagation.

Author Contributions: The two authors contributed equally to the literature survey and the writing
of the article. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stern, N.; Marom, G.; Zhang, L.; Hu, X. Micromechanics of Nanocomposites. In Comprehensive Composite Materials II; Beaumont,

P.W.R., Zweben, C.H., Eds.; Academic Press: Oxford, UK, 2018; Volume 6, pp. 1–27.
2. Marom, G.; Wagner, H.D. Should polymer nanocomposites be regarded as molecular composites? J. Mater. Sci. 2017, 52, 8357–8361.

[CrossRef]
3. Marom, G.; Wagner, H.D. A perspective on the structure and properties of nanocomposites. Polym. Compos. 2020, 41, 2986–2989.

[CrossRef]
4. Lyashenko-Miller, T.; Fitoussi, J.; Marom, G. The loading rate effect on Mode II fracture toughness of composites interleaved with

CNT nanocomposites. Nanocomposites 2016, 2, 1–7. [CrossRef]
5. Lange, F. The interaction of a crack front with a second-phase dispersion. Philos. Mag. 1970, 22, 0983–0992. [CrossRef]
6. Day, R.J.; Lovell, P.A.; Wazzan, A.A. Toughened carbon/epoxy composites made by using core/shell particles. Compos. Sci. Tech.

2001, 61, 41–56. [CrossRef]
7. Domun, N.; Hadavinia, H.; Zhang, T.; Sainsbury, T.; Liaghata, G.H.; Vahid, S. Improving the fracture toughness and the strength

of epoxy using nanomaterials—A review of the current status. Nanoscale 2015, 7, 10294–10329. [CrossRef]
8. Xiao, Q.; Dai, M.; Huang, M.; Lim, L.T. Bioinspired pullulan-starch nanoplatelets nanocomposite films with enhanced mechanical

properties. Carbohydr. Polym. 2024, 329, 121769. [CrossRef]
9. George, J.S.; Vahabi, H.; Maria, H.J.; Anju, C.S.; Thomas, S. Sustainable hybrid green nanofiller based on cellulose nanofiber for

enhancing the properties of epoxy resin. Colloids Surf. A Physicochem. Eng. Asp. 2024, 694, 134082. [CrossRef]
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