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Computational micromechanical studies of the effect of nanostructuring and nanoengineering of inter-
faces, phase and grain boundaries of materials on the mechanical properties and strength of materials
and the potential of interface nanostructuring to enhance the materials properties are reviewed. Several
groups of materials (composites, nanocomposites, nanocrystalline metals, wood) are considered with
view on the effect of nanostructured interfaces on their properties. The structures of various nanostruc-
tured interfaces (protein structures and mineral bridges in biopolymers in nacre and microfibrils in
wood; pores, interphases and nanoparticles in fiber/matrix interfaces of polymer fiber reinforced com-
posites and nanocomposites; dislocations and precipitates in grain boundaries of nanocrystalline metals)
and the methods of their modeling are discussed. It is concluded that nanostructuring of interfaces and
phase boundaries is a powerful tool for controlling the material deformation and strength behavior, and
allows to enhance the mechanical properties and strength of the materials. Heterogeneous interfaces,
with low stiffness leading to the localization of deformation, and nanoreinforcements oriented normally
to the main reinforcing elements can ensure the highest damage resistance of materials.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Mechanical properties and strength of materials can be
enhanced by modifying the structures of the materials at micro-
and nanoscales. Various strategies and techniques of the structure
modification have been developed to ensure the better service
properties of materials [1]. One of the promising directions of the
materials modification for the properties enhancement is based
on the control and modification of interface properties [2–11].
Interfaces, phase and grain boundaries represent often relatively
instable and deformable regions of materials. The typical deforma-
tion and degradation scenario of materials includes the formation
and development of highly deformed regions (e.g., shear bands),
defects, cracks in the deformable regions. One of the ways to control
the deformation scenario is to modify the structure of the less sta-
ble, deformable elements of the material at the lower scale level,
thus, influencing the deformation development and damage
initiation processes. The introduction of geometrical structural
inhomogeneities into instable phases, like defects, nanoscale rein-
forcements, structural gradients, can make it possible to control
the local stress concentration, localization of deformation in weaker
phases and thus microstructure evolution and microstructural
adaptation of the material. Toughening the weak regions, interfaces
or other defects (which otherwise serve as sites of damage initia-
tion) channels the deformation energy into the lower scale level.
Thus, nanomodification of weak regions and structural defects
can be used to influence the damage evolution and to improve
the damage resistance of the material.

In this paper, we provide a short overview of the computational
micromechanical studies of the effect of nanostructuring and
nanoengineering of interfaces, phase and grain boundaries of
materials on the mechanical properties and strength of materials.
We consider several groups of materials (composites, nanocom-
posites, nanocrystalline metals, wood) and explore (using numeri-
cal experiments) how the interface structures influences the
properties of the materials. Considering wood (multilayered
nanoreinforced cellular material), fiber reinforced polymer com-
posites, nanocomposites and hybrid composites, as well as ultra-
fine grained metals, we demonstrate that the availability of
special structures in grain boundaries/phase boundaries/interfaces
represents an important and promising source of the enhancement
of the materials strength. Since the structures formed in the inter-
faces/phase boundaries are at the lower scale level than adjoining
structural elements (fibers, grains, etc.), we will use the term
‘‘nanostructuring of interfaces’’ here (although in some cases, the
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considered materials like ‘‘ultrafine grained titanium’’ represent
nanostructured materials itself).
2. Biological materials: Role of structured interfaces

Natural biological materials demonstrate often extraordinary
strength, damage resistance and toughness. They are often stron-
ger and tougher, than could be assumed from averaging their com-
ponent properties. So, nacre, which consists by 95% of CaCO3, has a
work of fracture that is 3000 times higher than that of the mono-
lithic CaCO3 [12]. Typically, strong biological materials (bones,
sea shells, insect cuticles) represent composites, consisting of hard
(mineral) and soft (biopolymer) phases, organized in complex mul-
tilevel structures [13,14].
2.1. Role of structured interfaces in rigid biological materials: Nacre
and teeth

The important role of interfaces for the strength and toughness
of biological materials has been demonstrated in many works.
Mayer and Sarikaya [15] reviewed the structures and properties
of rigid biological composites, and noted that biointerfaces are sel-
dom sharp, and typically have very complex structure. Interfaces
can be interpenetrating and form the wide transitional zone, or
change from columnar calcitic structure to aragonite nacreous
structure (in the shell of red abalone). The broad, structured inter-
faces with interpenetrating, gradient nanostructures increase the
toughness of the biomaterials.

For instance, nacre of mollusks contains 95% of aragonite plate-
lets and only 5% of biopolymer. Thin layers of biopolymer between
the platelets can be considered as interfaces in this material [16].
The biopolymer layers have in fact a very complex structure: they
represent organic macromolecules, containing polysacharides and
protein fibers. Furthermore, the biopolymer thin layers of nacre
contain nanopores and also inorganic mineral bridges, linking the
aragonite platelets [16–19], see Fig. 1. The adhesive fibers elongate
in a stepwise manner, when nacre is loaded, as folded domains or
loops are pulled open. Sawtooth pattern of the force–extension
curve in the protein is a result of the successive domain unfolding.
Fig. 1. Schema of microarchitecture of nacre: aragonite platel
During the crack propagation, the energy is absorbed by the inter-
face debonding and by the shearing of the protein layer.

Katti et al. [20] simulated the effect of nanoasperities in the
platelets/biopolymer interfaces of nacre on the mechanical proper-
ties. While only marginal effect of nanoasperites on the mechanical
properties was proved in the simulations, the authors noted that
the positive role of nanoasperities can include the effects of larger
surface area of minerals and confinement of polymer. Qi et al. [21]
modeled the mechanical behavior of nacre numerically, taking into
account the unfolding of protein molecules in the organic matrix.
The nonlinear stress–strain behavior was observed, with an appar-
ent ‘‘yield’’ stress (related with the unfolding events in the organic
layers and to the mitigation of load transfer to the aragonite tab-
lets) and hardening (related with the shear in the organic layers).

Song and Bai [16] evaluated the fracture toughness in the ‘‘brick
bridge mortar’’ structure of nacre and showed that the availability
of nanostructures in the nacre interfaces (i.e., mineral bridges
between aragonite platelets located in the bioolymer layers) is
one of the reasons for the high toughness of nacre. The mineral
bridges reinforce the weak interface, and control the crack propa-
gation in the interfaces (biopolymer layers).

Another prominent example of nanostructured biointerfaces is
the multilevel interfaces of dental-enamel junction in teeth [22].
The dental–enamel junction (DEJ) has so-called three level scal-
loped structure (convexities directed toward dentin, and concavi-
ties directed toward enamel) and graded variation of properties.
It is extremely fracture resistant; the crack initiation stress in DEJ
is rather high, and cracks dont cross DEJ, but tend to deflect.

Thus, nanostructuring of interfaces and thin biopolymer layers
between mineral platelets play an important role for the strength
and toughness of biocomposites, and represent one of the sources
of high strength and toughness of these materials.
2.2. Wood as a cellular material with multiple heterogeneous layers

Wood is a natural composite with very high strength/weight
ratio [23]. The structure of softwood is usually described at four
different structural levels (see Fig. 2). At the macroscale, it is the
annual rings (alternated light and dark rings, called earlywood
and latewood respectively; the earlywood is characterized by cells
ets, biopolymer layer and mineral bridges (after [16,17]).
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Fig. 2. Multiscale model of wood as layered, cellular (a) and fibril reinforced (b) material [24,25] (Reprinted with kind permission from Elsevier). The thin layers S1, S3 with
fibrils perpendicular to the fibrils in thick S2 layer control the buckling and fracture resistance.
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with larger diameters and thinner cell walls than in latewood). At
the mesoscale, it is a cellular material, built up by hexagon-shaped-
tube cells oriented fairly parallel to the stem direction. At the
microscale, cell walls of wood consists of 4 layers with different
microstructures and properties, which are called usually P, S1, S2
and S3, and middle layer M acts as bonding material. At the nano-
scale, the layers in the secondary wall of a tracheid cell are built of
several hundred individual lamellae with varied volume fractions
and characteristic microfibril angles (MFAs). The layers, building
the hexagon cells, can be considered as one voluminous element
(the thick layer S2) and several almost two-dimensional layers,
M, P, S1, S3. The thickness of the S2 layer is 10–100 times higher
than that of other layers.

The mechanical behavior and strength of wood are deter-
mined by the complex interaction between all the elements at
different scales. In order to analyze the effect of nanostructures
(angle and distribution of microfibrils in each layer) on the
mechanical properties of the wood, Qing and Mishnaevsky Jr.
[24,25,86] developed and employed 3D multiscale computational
model of wood as layered fibril reinforced cellular material. In
the numerical experiments, the authors demonstrated that the
variation of microfibril angles represents a rather efficient mech-
anism of the control of stiffness of wood. By increasing the MFAs
(microfibril angle, i.e., the angle between microfibrils and hori-
zontal line), the drastic increase of shear stiffness in 1–2 direc-
tion is achieved, without any sizable losses of the transverse
Young modulus and shear modulus in the 23 plane. The thick
layer S2 is responsible mainly for the stiffness and deformation
behavior of wood. The nanostructures of thin layers (microfibril
angles in S1, S3) have still a rather strong effect on the peak
stress in earlywood under tensile loading (22% higher peak stress
when the fibril angles changes from 70 to 50 degrees in the thin
S1 layer).

Still, the thin layers play different roles. The microfibrils in S1
and S3 layers are perpendicular to those in S2 layer. So, the S1
and S3 layers are responsible mainly for the resistance against
buckling, collapse and fracture, and shear moduli. The layer S1
(which is much thicker in compression wood) ensures the stability
of wood under compression (S1) [26].

According to [27], the fibril distribution in thin layers (S1, S3)
controls the trans- and intra-wall crack propagation, resisting
the development of transwall cracks in transverse direction
and preventing the intrawall cracks from becoming transwall
cracks.

Thus, while the properties of wood are generally controlled by
complex interplay of layered, cellular, fibrous structures at many
scale levels, the variation of nanoscale structures in thin layers bind-
ing voluminous structural elements play very important roles in
ensuring the optimal output properties, deformation and strength
of wood.
3. Composites and nanocomposites: Computational modeling
of the effect of interfaces on the mechanical properties

Fiber reinforced polymer composites have an excellent
strength/weight ratio, and are used for various civil and mechani-
cal engineering, energy and other applications.

Still, with view on the wind energy applications (as an example)
and the growing application of off-shore extra-large wind turbines
[28], which should work without repair and maintenance over dec-
ades, the further improvement of lifetime and damage resistance of
the composites is required.

The strength and lifetime of fiber reinforced composites are
controlled by the strength of fibers, matrix and interfaces. While
the matrix is responsible for the material integrity, fibers control
the stiffness of the composite. The strength of interface plays a
mixed role: while the crack propagation into the fiber/matrix
interface delays the matrix failure (and, thus, increases the
strength of the composite), too weak interfaces lead to quick
fiber pull-out and also to quick failure. So, the idea of interface
based design of fiber reinforced composites was formulated
(see, e.g. [3]).
3.1. Role of interfaces in fiber reinforced composites

In order to analyze the role of interfaces and mechanisms of
composite degradation, a series of computational studies has been
carried out [29–32,67].

In order to simulate the interface properties and interface deg-
radation, the concept of ‘‘third material layer’’ was applied.
Namely, since surfaces of fibers can be rather rough [33], and
the interface regions in many composites contain interphases
[34,35], the interface debonding was considered not as a
two-dimensional opening of two contacting plane surfaces, but
rather as a three-dimensional process in a thin layer (‘‘third
material layer’’ between the homogeneous fiber and matrix mate-
rials [36]).

In the numerical studies, it was observed that the formation of
interface cracks under tensile loading takes place often after and as
a result the fiber cracking, and in the vicinity of the fiber cracks. If
however the interface is weak, the interface damage begins much
earlier than the fiber cracking and can be accelerated by the matrix
defects. On the other side, if the interface is pre-damaged, that can
lead to a slightly lower stress level in the corresponding fiber:
while the stresses in the vicinity of the interface crack are rather
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high, the stresses in the fiber are lower than those in fibers with
undamaged interfaces. The fiber cracks cause interface damage,
but not vice versa. In further numerical experiments, the competi-
tion between the matrix cracking and the interface debonding was
observed. In the area, where the interface is damaged, no matrix
crack forms; vice versa, in the area, where the long matrix cracks
is formed, the fiber cracking does not lead to the interface damage.
Fig. 3 shows the crack evolution in fiber reinforced polymer com-
posites, obtained in the simulations.

Apparently, weak interfaces of composites, as such, have a neg-
ative effect of the composite properties: ultimately, the homoge-
neously weak interfaces will debond, and the composite will
behave as a dry fiber bundle. However, the results of these studies
demonstrated that local weak places in composite interfaces can
be rather beneficial for the composite strength and toughness: they
can prevent the matrix failure (by channeling the fracture energy
into interface defects), and even delay the fiber failure. Practically,
it means that a heterogeneous interface (interface with both weak
and strong regions) can prevent the matrix failure, and therefore,
ensure the integrity of the material. This suggests that micropo-
rous, heterogeneously pre-damaged interfaces in composites can
be beneficial for the strength of materials [29]. The concept of por-
ous interface which encourage the crack deflection into the inter-
face has been discussed also by Evans, Zok and colleagues [9–11].
The porous interface was also realized in US Patent 6121169 A
by Northrop Grumman Corporation.

In several groups, nanostructured interface materials for ther-
moelectric applications have been developed, with view on the
reducing thermomechanical stresses. Nanostructured intrerface
materials for semiconductor devices are developed and demon-
strate both high thermal conductivity and mechanical compliance
[8]. A foil/CNT based thermal interface material ensuring the high
conformability has been developed in [37]. Friedl et al. [38] sought
to optimize the carbon fiber reinforced carbon (CFC)/Cu-interfaces
for plasma facing divertor components in thermo-nuclear fusion
(which is subjected to high heat fluxes and large thermal strains
due to large CFC/Cu thermal mismatch). Using finite element
macro–micro modeling, the authors studied the effect of micro
(l-) structured Interface (with laser burnt conical holes into the
CFC-surface, thin gradient titanium sheets melted above the CFC
covering the surface and cast Cu layer) on the dissipative mecha-
nisms and fracture toughness. It was demonstrated that the micro-
structured interface (as different from planar interface) do allow
the better toughness and reliability of the component.
Fig. 3. Simulated damage mechanism in fiber reinforced polymer composites: Competitio
(a and b) Interface is damaged (red region) in a region far from the first cracked fiber; mat
lower than in other fibers if its sizing is pre-damaged (For interpretation of the referen
article.).
3.2. Nanoclay/polymer interface and region of perturbed structure
around the clay: Effective interfaces model

Moving down to the lower scale level, let us look at the effects
of nanoparticles on the mechanical properties of nanocomposites.

Nanoinclusions in polymer matrix have much stronger reinforc-
ing effect, than microscale particles. While the stiffening and
strengthening of polymers by microscale particles can be roughly
described by the rule-of-mixture, the addition of even very small
amount of nanoparticles (of the order of few percents or even
lower than one percent) can lead to the drastic improvements in
modulus, strength and other properties, much above the rule-of-
mixture estimations [39]. For instance, 34% higher Young’s modu-
lus and 25% higher tensile strength were achieved in nanoclay/
epoxy composite by adding only 5 wt.% of nanoclay [40]. 38%
higher Young’s modulus, 10.5% higher flexural strength and 25%
higher microhardness of epoxy/glass fibers/nanoclay hybrid com-
posites (HC) were achieved by adding only 5% of nanoclay [41].

The strong, non-proportional strengthening of nanoreinforce-
ment is related with the large interfacial area of nanoparticles,
interacting with the matrix and perturbing the molecular structure
of the polymer matrix (another reason is the high aspect ratio of
most nanoparticles). Thus, the polymer is reinforced not only by
the nanoscaled particles, but also by the layers of modified, con-
strained polymers surrounding each nanoparticle.

In order to simulate this effect, Odegard and his colleagues [42]
proposed the effective interface model (EIM). This model allows to
generalize the micromechanical models of composites onto nano-
composites. In this model, the interfacial region of nanocomposites
(consisting, e.g. of perturbed polymer and interfacial molecules) is
presented as a layer with properties different from those of the rest
of matrix [42]. The properties of the effective interface can be
determined from molecular dynamics, or inverse modeling. Since
the effective interface model is not applicable for the case of high
volume fraction of nanoparticles, intercalated and clustered micro-
structures, when the particles might touch one another, Wang,
Peng and colleagues [43–45] developed a generalized effective
interface model in which the effective interface layer consist of
several sublayers, with different properties, and some of the outer
layers can be allowed to overlap. As demonstrated in [43], elastic
properties of nanoclay reinforced polymers increase proportionally
to the stiffness and the fraction of the interfacial layer.

Fig. 4 shows two finite element models of nanocomposites (for
exfoliated and intercalated structures of nanocomposites), and (c)
n of damage mechanisms. (Reprinted from [29] with kind permission from Elsevier).
rix crack is formed far from the region with damaged interface. (c) Stress in a fiber is
ces to colour in this figure legend, the reader is referred to the web version of this



Fig. 4. Generalized equivalent interface (GIF) model for the analysis of nanoparticles in polymers (a and b) Finite element models with GEIF for exfoliated and intercalated
(clustered) structures of nanocomposites, and (c) Effect of GIF properties on the properties of nanocomposite. (Reprinted from [43,44] with kind permission from Elsevier).
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Young’s modulus of the polyimide/silica nanocomposite plotted
versus the silica particle volume fraction for different interface
properties (phenoxybenzene silica nanoparticle/polyimide system
with the Young’s modulus 0.3 GPa, functionalized silica nanoparti-
cle/polyimide system with the Young’s modulus 3.5 GPa and a
model with higher stiffness interface whose Young’s modulus is
8.4 GPa; the matrix module was 4.2 GPa) [43,44]. It can be seen
that the interface properties strongly influence both the nanocom-
posite stiffness and reinforcing effect of nanoparticles.

In order to determine the elastic properties of the interphase,
the inverse modeling approach was employed to nanoclay and
graphene reinforced polymers [39,85]. According to [46], 50%
increase in the initial modulus of the polymer is observed for the
5% weight content of nanoclay. Considering the nanoclay/polymer
composite with data from [46] (clay length 1000 nm, thickness
1 nm, Em = 2.05 GPa, Enc = 176 GPa) and varying the fraction of
the intercalated nanoclay particles from zero (fully exfoliated
material) to 100% (only clusters), as well as the amount of nanopar-
ticles per cluster, one could demonstrate that for the case of fully
exfoliated structure, Young’s modulus of the interphase can be
2.9 times of that of polymer matrix [39]. For the more realistic case
of partially intercalated microstructure (with the fraction of 25–
50% of nanoparticles in clusters), the Young’s modulus of the inter-
phase becomes around 5–8 times that of the polymer matrix. These
results are similar to the estimations by Yang and Cho [47] (from
2.44 Em and higher), Tsai, Tzeng [48] and Mesbah et al. [49]
(5–8 Em). In [85], elastic properties and damage resistance of the
effective interface layer in graphene/polymer composites were
investigated using the inverse modelling approach. It was demon-
strated also that the elastic modulus of the graphene/polymer
interface is 1.76 times higher than that of pure polymer.

Thus, the layer of the polymer material with perturbed molecular
structure, surrounding nanoreinforcing particles is stiffer than the
rest of polymer, and represents the main reason for the un-propor-
tionally strong reinforcing effect of nanoinclusions. This layer is
formed as a result of interaction between large surface area of nan-
oinclusions and surrounding polymer chains. By modifying the
nanoparticle surfaces (for instance, by oxidation of nanoreinforce-
ment like graphene, or functionalizing the surface), one can influ-
ence the polymer-nanosurface interaction effect, and control the
reinforcement degree of the nanoinclusions and mechanical proper-
ties of nanocomposites.

3.3. Hierarchical fiber reinforced composites with nanoeingineered
interfaces

Hierarchical composites with microscale fiber reinforcement
and nanoscale particles reinforcement attract a growing interest
of industry and research community. It is expected that these
materials (with primary microscale and secondary nanoscale rein-
forcements) can allow to combine the advantages of both fiber
reinforced unidirectional composites and nanocomposites.

Indeed, nanostructuring of the matrix and/or fiber/matrix inter-
faces of fiber reinforced composites enhances the lifetime, fatigue
resistance and strength of the materials in many cases. One can list
a number of examples when the hierarchical design of fiber rein-
forced composites, with nanomodified sizings or matrix, lead to
the enhancement of the material properties. For instance, 85%
increase in fracture toughness was achieved introducing 4 phr
nanoclay in the matrix of carbon fiber reinforced epoxy/clay nano-
composites [50]. 0.5 wt.% CNT addition of carbon nanotubes (CNTs)
lead to the 80% improvement of fracture toughness of carbon fiber
reinforced epoxy composites [51]. 45% increase in shear strength is
achieved by adding 0.015 wt.% nanotubes into glass fiber rein-
forced vinyl ester composite with [52].

Strong positive effect is achieved if the nanoreinforcing ele-
ments are placed in the fiber sizing or fiber matrix interface. So,
30% enhancement of the interlaminar shear strength was achieved
by deposition of multi and single walled CNT on woven carbon fab-
ric fibers in epoxy matrix [53,54]. Interlaminar toughness and
strength of alumina fiber reinforced plastic laminates were
improved by 76% and 9% due to the radially aligned CNTs in both
interlaminar and intralaminar regions [55]. Chatzigeorgiou and
colleagues [56] analyzed the effect of coating from radially aligned
carbon nanotubes on carbon fibers (‘‘fuzzy fibers’’) on the mechan-
ical properties, and demonstrated that fuzzy fibers show improved
transverse properties as compared with uncoated one. Even small
additions of CNTs have very strong effect of these properties.

Comparing the CNT reinforcement in polymer resine and CNTS
grown/deposited on the surface of different fibers [57–60], one can
see that the shear strength of the composites with CNTs in resin
increases typically in the range 7–45%. At the same time, the
increase of the interfacial shear strength due to the CNTs grown/
deposited on fibers is between 30% and 150% (and for carbon fibers
even 475%).

For the computational analysis of the effect of nanostructuring
in matrix and in the fiber/matrix interface on the mechanical prop-
erties of the composites, a 3D multiscale finite element model
based on the macro–micro multiple-step modeling strategy was
developed [61]. Here, the glass fiber/epoxy matrix/nanoclay rein-
forced composites under compression cyclic loading were consid-
ered. The microscale (lower level) unit cell includes the
nanoplatelets reinforcement (exfoliated nanoplatelets and interca-
lated nanoplatelets/cluster) in matrix and/or interfaces. The model
is shown schematically in Fig. 5. Using the model and the XFEM
(eXtended Finite Element Method), the authors simulated the
damage evolution in hierarchical composites subject to cyclic com-
pressive loading, considering different structures and distributions



Fig. 5. Crack propagation in the fiber sizing of hierarchical composite (result of FE simulations). Right below – schema of hierarchical fiber reinforced composite with
secondary nanoplatelet (Reprinted from [39,61] with kind permission from Elsevier).
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of nanoreinforcements. In particular, nanoclay platelets randomly
distributed in the matrix and localized in the glass fiber sizing have
been considered (as well as different orientations and different
degrees of clustering of these platelets). Fig. 5 shows the crack
paths in the sizing of fibers, reinforced with aligned nanoclay
platelets.

Analyzing the effects of the secondary reinforcement on the
fatigue resistance of composites, the authors [61,62] demonstrated
that the crack path in the composite with nanomodified interfaces
(fiber sizings) is much more rough than in the composite with
nanomodified matrix. In the case of the matrix without nanorein-
forcement, the crack grows straightforward, without deviations.
The parameter of the crack deviation (Y-coordinate/height of crack
peak divided by the X-coordinate of the crack peak) is 50–85%
higher for the cases when the nanoplatelets are localized in the
fiber sizing and not throughout the matrix. This parameter is
related with the fracture toughness, and it suggests that the stress
of crack initiation becomes much higher for the case of nanostruc-
tured fiber/matrix interface.

Further, the fatigue behavior of hierarchical composites with
secondary nanoplatelet reinforcement in the polymer matrix, in
the fiber/matrix interface and without the secondary reinforce-
ment was compared. Composites with nanoreinforcement achieve
the same fatigue life (taken exemplarily at 5.68 * 107 cycles) as
neat composites, but subject to 2–3.5 times higher loadings. Fur-
ther, composites with the nanoplatelets localized in the fiber/
matrix interface layer (fiber sizing) ensure much higher fatigue
lifetime than those with the nanoplatelets in the matrix. For
instance, for the selected lifetime of 5.68 * 107 cycles, the applied
stress can be 43–49% higher for the composites with the nanoplat-
elets localized in the fiber/matrix interfaces.

Thus, the nanomodification of weaker phases in the fiber rein-
forced composites (polymer matrix and fiber/matrix interface lay-
ers) ensures the drastic increase in the fatigue lifetime. In
particularly, the nanoreinforcements in fiber sizing (fiber/matrix
interface) lead to the drastic increase in the fatigue lifetime of
the composites.

From the short overview in this section, it can be seen that the
interface/interphase regions of polymer composites and nano-
composites influence the strength and mechanical properties of
these materials to a large degree. The layers of modified con-
strained polymer chains formed around nanoparticles due to
the nanoparticle/polymer interfacial interaction determine the
unusually high strength and mechanical properties of nanocom-
posites. The nanostructuring of fiber/matrix interfaces in fiber
reinforced composites (porosity of fiber sizing/coatings, nanorein-
forcement in fiber coatings) allow to control the mechanisms of
the composite degradation, increase the lifetime and toughness
of the composites.
4. Nanocrystalline metals: Grain boundaries and their effect on
the mechanical properties

A very promising group of advanced materials for various appli-
cations are nanocrystalline metallic materials, e.g. materials with
nanosized grains. As demonstrated in a number of works, these
materials have better mechanical properties, higher ductility and
strength, as compared with usual, coarse grained materials
(CGM) [63–66]. One of technologies of nanostructuring of materi-
als is the severe plastic deformation (SPD), which allows to
fabricate bulk samples of the materials with the grain sizes 100–
500 nm. These materials are called ultrafine grained (UFG) materi-
als. An example of application of such materials is medical and
dental implants made from ultrafine grained titanium [63,64].

Peculiarities of structures of nanocrystalline and ultrafine
grained materials as compared with CGMs include the higher frac-
tion of grain boundary (GB) phases, different atomic structure and
availability of long-range stresses, enhanced atomic mobility and
sometimes segregations in grain boundaries [68], as well as differ-
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ent deformation mechanisms (like grain boundary sliding and dif-
fusion controlled flow).

The concept ‘‘grain boundary engineering’’ for the materials
improvement was developed by Watanabe [69]. Observing that
an increase in the fraction of the special grain boundaries (i.e.,
boundaries with low reciprocal number densities of lattice sites)
leads to better corrosion, creep and fracture resistance properties
of materials, Watanabe suggested to use it to improve the proper-
ties of crystalline materials. This approach is especially important
for ultrafine grained materials, due to the high fraction of grain
boundaries [70].

Characterizing the grain boundary with the use of coincident
site lattice (CSL) model, considering misorientation of adjoining
crystals, one can calculate a relative fraction of grain boundaries
with the coincident site lattice [71]. It was shown [72,73] that
the materials with low relative fraction of grain boundaries which
coincident site lattice show, among other, high resistance to slid-
ing, fracture and corrosion.

Another approach to the enhancement of mechanical properties
of nanocrystalline materials is based on the concept of non-
equilibrium grain boundaries [70,76]. The grain boundaries which
are characterized by higher energies, large amount of dislocations,
higher diffusion coefficient, larger free volume in grain boundaries
as well as the concentration of alloying elements and formation of
their segregations are considered as non-equilibrium grain bound-
aries in nanocrystalline and ultrafine grained metals.

Frolov et al. [78] also demonstrated in numerical simulations
that multiple grain boundary phases with different atomic struc-
tures and densities are available in metallic grain boundaries.
Reversible first order phase transitions between these phases can
take place as a result of injecting point defects or varying temper-
atures. These interfacial phase transitions, observed in FCC metals,
can have a strong effect on the materials properties.

Guo et al. [79] demonstrated that brittle nanostructured inter-
face (nanograined interface layer) can enhance the ductility of
stainless steels. They used the finite element method to simulate
this effect and observed that the brittle the nanograined interface
layer leads to more micro-cracks and higher steel ductility.

Wang and Nakatani [81] used cohesive zone model to analyze
the crack propagation on the hierarchical structured interface
and demonstrated that the hierarchization of interfaces might
increase the material toughness.

Below, we show several examples on how the structures and
defects in grain boundaries of UFG titanium influence the mechan-
ical properties of the material.

4.1. Ultrafine grained titanium: Effect of dislocation density and non-
equilibrium state of grain boundaries

The high density of dislocations in grain boundaries of ultrafine
grained SPD produced metals is a result of SPD processing, and one
of characteristics of non-equilibrium grain boundaries in nanoma-
terials. As noted in [74], the dislocation density in GBs grows with
deformation passes, and is higher in GBs than in grain interior.
Generally, the dislocation density in grain boundaries is estimated
about 30 times higher after IV deformation stage [75].

In order to analyze effect of non-equilibrium grain boundaries
of UFG titanium on its mechanical properties, a series of computa-
tional experiments were carried out in [76,77]. Computational
models of UFG titanium were developed in [76,77] on the basis
of ‘‘composite’’ representation of nanotitanium, as a hexagon or
using Voronoi tessellation with grains surrounded by grain bound-
ary layers (Fig. 6). For the description of deformation of grain
boundary phase and the grain interior phase, the dislocation
density based model was used, which took into account the dislo-
cations immobilization at stored dislocations, storage of a geomet-
rically necessary dislocation density in the interface between
boundaries and interiors, mutual annihilation of dislocations of
opposite sign, with a proportionality coefficient characterizing
the probability of dislocations leaving their slip plane, e.g. by cross
slip. For the grain boundaries, an additional term of the second
annihilation mechanism is included where two stored dislocations
of opposite sign may climb toward each other and annihilate even-
tually. More details about the materials properties and simulations
conditions are given elsewhere [76,77].

In the simulations, it was observed that increasing the disloca-
tion density in grain boundaries of ultrafine grained metals leads to
the increased flow stress. This effect is especially strong for the
nanoscale grain sizes: the yield stress increases by 18% in a mate-
rial with grain size 250 nm, and by 51% in a material with grain
size 50 nm, when initial dislocation density in GBs changes from
1.0 � 1015/m2 to 1.0 � 1018/m2. Apparently, the material with
smaller grains is much more sensitive to the dislocation density
in grain boundary, and, thus, to the non-equilibrium state of GB
than a materials with larger grains. But also the damage value in
the materials increases drastically if the initial dislocation density
in GB increases [77]: for instance, the simulated highest damage
value (under applied strain 0.22) increases by 95% (from 0.22 to
0.43) if the initial dislocation density in GB increases from 1015

to 1018. Thus, the high dislocation density in GB improves the flow
stress, but also creates higher stress gradient and stress triaxiality
in triple junction due to big difference in dislocation density and
properties in GB and grain interior, and, ultimately, to the higher
damage parameter.

From the technology viewpoint, the decrease of grain size and
the increase of the initial dislocation density are achieved by
increasing the number of passes of the equal-channel angular
pressing via the conform scheme (ECAP-C) fabrication technology
[80].

4.2. Precipitates in grain boundaries of UFG metals

Another physical feature of non-equilibrium state of grain
boundaries of ultrafine grained metals is related with the precipi-
tates, segregations and foreign atoms formed in the grain bound-
aries. Impurity atoms, oxygen and carbon precipitates located in
the GBs [81] interact with surrounding atoms of titanium, prevent-
ing the dislocation movement in their neighborhood. These precip-
itates, with content of the order of 0.5 at.% and of atomistic size, are
rather spread, and their influence on the mechanical properties is
still not well known. Another group of nanoscale secondary phases
are dispersoids, e.g., titanium silicides or carbides [82].

Fig. 6a shows the computational unit cell models of the ultra-
fine grained titanium with precipitates in grain boundaries and
in grains.

In order to simulate the effect of low content, atomistic size pre-
cipitates on the macroscale mechanical properties of Ti, computa-
tional models of ultrafine grained titanium with precipitates in
grain boundaries and in grains [76,77] were developed, in which
small round foreign inclusions (which might represent physically
dispersoids or precipitates or foreign impurity atoms and the
regions of their immediate neighborhood with changed properties)
are distributed randomly in GBs, grain interior or GB/grain borders.
These precipitates are considered as round inclusions, elastic and
impenetrable for dislocations.

Fig. 6b shows the damage (i.e., maximum damage parameter in
the model calculated by formulas from [83,84]) plotted versus the
strain curves for the unit cell models for 3 cases: precipitates in
GBs, in grain interior and no precipitates. (As shown in [77], the
damage formula derived in [83,84] give the most correct damage
distribution for nanomaterials). One can see from the curves that
the availability of precipitates strongly delays the damage growth:
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Fig. 6. Computational model of UFG titanium with precipitates in grain boundary phase and in grain interior (a) and the effect of the precipitate distribution on the damage
evolution in UFG titanium (b). (Reprinted from [76,77] with kind permission from Elsevier).
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while the damage level 0.2 is achieved in pure UFG titanium at the
applied strain 0.1–0.13, the same level of damage is achieved for
the materials with precipitates at 0.22 (precipitates in grain inte-
rior)–0.35 strains (precipitates in grain boundaries). This means
83% increase in the critical strains due to the precipitates, and
around 300% increase due to the precipitates located in grain
boundaries. Flow stress was the highest for the material with the
dispersoids in the grain boundary [77]. For instance, the flow stress
at the applied strain 1.0 was 8% higher (for precipitates in GB) and
5.8% higher (for precipitates in grain interior), than in UFG Ti with-
out precipitates.

Thus, both the defects (dislocations) and nanoscale structural
elements (precipitates, dispersoids) have a strong potential to
increase the damage resistance and mechanical properties od
advanced nanoscaled materials.

5. Conclusions

In this work, we considered several groups of materials, charac-
terized by high strength, and damage resistance. The interface
structure versus strength and mechanical properties relationships
for these groups of materials have been studied with the use of
computational micromechanical models, reflecting the structures
and architectures of these materials at several scale levels.

From these studies, one can conclude that the purposeful nano-
structuring of interfaces and grain boundaries represents an
important reserve of the improvement of the materials properties.
Since the material deformation is often localized in and around
defects (interfaces and grain boundaries), the structuring of these
regions (adding specially arranged and oriented nanoreinforce-
ments, or adding nanoscale defects, changing the local properties)
allows to control the deformation and fracture behavior of these
weak areas, thus, determining the degradation process in the
whole material.

The effect of nanostructured interfaces, phase and grain bound-
aries (PGB) on the strength behavior of the material can be realized
by several ways:

� Defects in interfaces and PGB: increasing deformability of inter-
faces, one can channel the deformation energy from the main,
load bearing (fibers in composites) or integrity ensuring
(matrix) elements into non-critical areas. The examples of such
effects are the microporous interfaces (fiber sizing) in fiber rein-
forced composites, and, to a some degree, high initial disloca-
tion density in the grain boundaries of ultrafine grained metals.
� Modifying the constitutive behavior of grain boundaries and inter-
faces: By varying the mechanical behavior of the interfaces and
GBs, the load transfer conditions as well deformation behavior
can be controlled. The examples of such modifications are the
non-equilibrium grain boundaries of ultrafine grained metals
and also varied microfibril angles in thin layers in wood cells.
� Nanoreinforcing the interfaces and PGBs: while the nanorein-

forcements change mechanical and strength properties of these
areas only weakly, it does change the damage mechanisms. It
can lead to nanoscale crack bridging, crack deviation and block-
ing, what drastically changes the crack initiation and crack
propagation toughness in the interface region. Thus, while the
deformation is still localized in these regions, their damage
resistance can be increased. The examples of such effects are
the nanoreinforcing platelets in the sizing of fiber reinforced
composites, as well as dispersoids and precipitates in the grain
boundaries of ultrafine grained metals and mineral bridges in
biopolymer layers in nacre.

On the interface structures-properties relationships, one can see
from the listed examples that the heterogeneous interfaces have the
highest potential to improve the materials properties. Quite often,
the interfaces with low stiffness lead to the localization of defor-
mation, while the internal structures of the interfaces (like mineral
bridges in nacre, or nanoplatelets in sizing of fiber reinforced com-
posites) allow to control the deformation, damage initiation and
fracture processes locally. Such a mechanism can allow to control
and increase the material toughness and strength. Another mech-
anism is related with pre-damaged, porous interfaces, which cause
the damage initiation in interfaces, but prevent the macroscale
crack propagation.

The interface reinforcement oriented normally to the main rein-
forcing elements (like mineral bridges and aragonite platelets,
fibrils in S1 and S2 layers of wood, or nanoplatelets aligned nor-
mally to fiber axes) can ensure rather high damage and fracture
resistance of the materials.

Further investigations should be directed toward qualitative
analysis of the service properties-interface structures relationships,
and toward the optimal design of interface structures to enhance
the strength, toughness and fatigue resistance of materials.
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