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Abstract—Computational studies of damage mechanisms in hierarchical composites, including biocomposites,
nanoparticle reinforced polymer composites and other materials are discussed. Different methods of the analysis of
hierarchical effects in the multiscale composites are demonstrated, among them, hierarchical fiber bundle model,
3D multiscale finite element models, analytical studies. Considering wood as a gradient, cellular material with lay-
ered composite cell walls, one analyzed the effect of wood structure on damage resistance of wood. The influence
of nanoparticles distribution in unidirectional polymer matrix composites with secondary nanoreinforcement on the
strength and damage resistance of the composites is demonstrated. The concept of nanostructuring of interfaces and
grain boundaries as an important reserve of the improvement of the materials properties is formulated.
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1. INTRODUCTION

Hierarchical composites attracted large interest of the
scientific community, due to several reasons. The ideas
of biomimicking and investigations of biomaterials
(wood, bones, etc) suggested that hierarchical architec-
tures of the materials are among the main sources of their
extraordinary mechanical properties (high strength, frac-
ture toughness, etc.) [1-6]. Further, with the develop-
ment of nanotechnology and nanomaterials, the idea of
incorporate nanoengineered materials into common
composites (thus, creating hierarchical materials, com-
bining the advantages of composites and nanomaterials)
was formulated and realized in several cases at laboratory
level (see, e.g. [7-9]).

The potential advantages of hierarchical composites
over common composites and materials include:

— synergy between structural elements at several scale
levels (example: fibers control the tensile strength and
stiffness in hierarchical composites, while secondary na-
noparticles in the matrix control the shear and compres-
sion strength [7, 8, 10]);

— possibility to improve competing properties of ma-
terials (examples: hierarchical ceramics demonstrate
both higher strength and higher toughness [9]);

— potential to improve the interface controlled proper-
ties, like compression and fatigue strength, by placing na-
noparticles on interfaces or fiber sizing;

— combination of advantages of nanomaterials and
composites, and so on.

In this paper, computational studies of the effect of hi-
erarchical structures of several groups of multiscale com-
posites on their damage mechanisms, carried out at the
Department of Wind Energy, Technical University of
Denmark, are summarized. The general effect of hierar-
chization on the damage resistance of composites, the roles
of multiscale structures of wood and of carbon nanotube
reinforcements in hierarchical unidirectional polymer
composites are studied. Further, the concept of degrada-
tion scenario based multiscale material design and using
the nanoengineered interfaces are summarized.

2. SYNERGY AND INTERPLAY BETWEEN
STRUCTURAL ELEMENTS AT DIFFERENT
SCALE LEVELS

Mechanisms of the peculiar properties of hierarchical
composites are related to the interaction between struc-
tural elements at several scale levels. So, under mechani-
cal loading, the load transfer between the levels takes
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place, especially when the microstructure changes (i.e.,
due to damage or deformation). In order to study the ef-
fect of hierarchical structures of composites on their pro-
perties, taking into account the peculiarities of load trans-
fer directly, the hierarchical load sharing models can be
used [10]. According to this model, the load is transferred
from the upper elements of the hierarchical “tree”
(“roots”) to the lower (“branches’) and down to the low-
est elements of the material (fibers, in the case of long fi-
ber reinforced composites). The load is shared equally
among all the sub-elements of a given branch (as long as
they are intact) or among remaining intact sub-elements
after some of them fail. In simplest case, this load rule
can be directly introduced into the analytical fiber bundle
models of composites [6, 11, 12].

Let us consider a multiscale self-similar composite
model (Fig. 1a) subject to a tensile mechanical loading.
The composite consists of elements which are either pure
matrix or reinforcements at each level. The reinforcing
elements at the different levels are self-similar: they, in
turn, consist of pure matrix and the lower level reinforc-
ing elements. Since the strain on the fibers and matrix in
each element is constant, the load is distributed between
the fiber (or strong elements at the given hierarchy level,
which represent composites, in turn consisting of fibers
and matrix) and matrix proportionally to the Young mo-
dulus of a given element [12].

At the lowest level, the strong elements (i.e., fibers)
are assigned the strengths according to the Weibull law. If
the strength of a given element is less than the applied load,
the element (fiber, matrix or bundle) fails and the load is
redistributed on the remaining fibers belonging to the same
bundle/branch. After all the fibers in the branch fail, the
higher level element is considered as failed, and the load
is distributed among all the remaining elements belonging
to the same higher level branch (“bundle of bundles™), and
so on.

(@)
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Ifthe volume content (vc) of the reinforcing elements
at each level is constant, the global volume content of
lowest level fibers in the material is given by vey, =
v ,where M—the amount of hierarchy levels.
Thus, if we define the total volume content of glass in the
composite, the volume content of stronger phase at each
scale level is calculated as a M-degree root from this
number. Determining the Young modulus of the material
at each level using the rule of mixture, we have the Young
module at the jth level as [12]:

E=vc/E; +(1-vo)E, (1+ Y vc'),
i=1,j-1
where E;, E,, are the Young moduli of (lowest level) fi-
bers and pure matrix respectively; ve—volume content
of reinforcing elements at each level (assumed to be con-
stant).

Using a program code for the analysis of damage evo-
lution in the multiscale fiber bundle model [12], the ef-
fect of hierarchization and structure of the self-similar
materials on their damage resistance was investigated.
Figure 1b shows the critical stress (at which the damage
in the whole fiber bundle exceeds 0.9) plotted versus the
amount of hierarchy levels for the total damage, and se-
parately for fibers and matrix, for glass fiber reinforced
composites.

The important observation is that the damage resis-
tance of the multiscale self-similar fiber reinforced com-
posites increases with increasing the amount of hierarchy
levels in the material (as differed from the case of “hierar-
chical tree” considered in [10, 12], where increasing the
amount of hierarchical levels means reduced damage re-
sistance).

This rather simple model of hierarchical composites
allows to analyze the effects of hierarchical structures and
hierarchical load transfer in pure form, paying attention
only to the hierarchical structures and disregarding the
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Fig. 1. Hierarchical fiber reinforced composite model (a) and critical stress plotted versus the amount of hierarchy levels for glass fiber
reinforced composites (b). Reprinted from [12] with kind permission from Elsevier.
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influence of more complex, inhomogeneous structures at
each scale level.

3. HIERARCHICAL BIOCOMPOSITES: WOOD

Biological composites such as nacre, wood, bone
have been widely studied both experimentally and nu-
merically. For instance, extraordinary nacre strength is in
clear contrast to the brittleness of its components. Among
the microstructural peculiarities of nacre, responsible for
its unusual properties, the brick and mortar structure, in-
terlocking of platelets, layered configuration, thin or-
ganic layers, etc can be mentioned [13]. Bone is a porous,
cellular materials consisting of multilayered lamellas,
built in turn of fibrous layers with different orientations
and thicknesses and with various microgeometries for
different types of bones (cortical and cancellous). At the
nanolevel, the bone is seen as the collagen fibers, sur-
rounded by mineral [14]. Wood is characterized by lay-
ered and gradient structures at the macrolevel, cellular
structure at microlevel, with multilayer cell walls, and
fiber composite-like structures at the nanolevel (Fig. 2).
As different from the idealized self-similar composites,
natural hierarchical materials have different structures at
different scale levels. In order to simulate such hete-
rogeneous (over scale levels) structures, complex micro-
mechanical models are required.

In [15—17], the computational model of wood which
takes into account the different structural features of the
wood at different scale levels, was developed. The model
includes four levels of the heterogeneous microstructure
of wood:

MISHNAEVSKY

— macrolevel: annual rings are modeled as multi-
layers, using the improved 3D rule of mixture,

—mesolevel: the layered honeycomb-like microstruc-
ture of cells is modelled as a 3D unit cell with layered
walls; the properties of the layers were taken from the
microlevel model,

— submicro- and microlevel: each of the layers form-
ing the cell walls was considered as an unidirectional,
fibril reinforced composite. Taking into account the ex-
perimentally determined microfibril angles and content
of cellulose, hemicellulose and lignin in each layer, the
elastic properties of the layers were determined with the
use of Halpin—Tsai equations

Figure 2 gives an example of the finite element unit
model of earlywood. Using the developed model, the ef-
fect of microstructural parameters of wood on its defor-
mation behaviour was studied. In particular, the influence
of microfibril angle and wood density on the deformation
behaviour was considered. From the computational stud-
ies, it was concluded that the variation of microfibril
angles represents a rather efficient mechanism of the
natural control of stiffness of the main shear load bearing
layer of the cell wall. By increasing the microfibril
angles, the drastic increase of shear stiffness in 1-2 direc-
tion is achieved, without any sizable losses of the trans-
verse Young modulus and shear modulus in the 23 plane.

In order to analyze the effect of wood microstructure
on the fatigue lifetime, the 3D hierarchical model was ex-
tended to include the damage process and combined with
phenomenological approach toward the fatigue modeling
[18]. The progressive damage models for wood were de-
veloped, taking into account the strength of the cell wall

- Layer S3
- Layer S2

Layer S1
Layer P

Layer M

Radial

I
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Fig. 2. 3D finite element unit cell model of wood as multilayered cellular material. Schema of layers (a) and 3D finite element mo-

del (b) [15-17].
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layer components (lignin, cellulose, polymers) and dif-
ferent strengths of different layers (see [ 17] for more de-
tails).

Several unit cells with different predamage degrees
(i.e., notch lengths) and different microfibril angle de-
grees in the cell wall layers S2 (largest and strongest
layer) were generated and subject to cyclic tensile load-
ing. The curves of fatigue damage accumulation rate plotted
versus the damage density (crack length) were approxi-
mated by power laws, and the fatigue lifetime was calcu-
lated for given microstructures of the materials. The fa-
tigue lifetimes calculated from these curves are given in
[18].

With such multiscale models, the effects of different
microstructural parameters and the synergy between mi-
crostructures at different scales can be studied in “virtual
experiments”. The extension of the hierarchical material
model to include the strength and fatigue effects demon-
strate the possibilities of the “virtual testing” of hierarchi-
cal microstructures.

4. HIERARCHICAL POLYMER COMPOSITES
WITH NANOSCALE REINFORCEMENT

The development of hybrid composites, with nanoen-
gineered phases, is a very promising direction to design
lightweight materials with improved properties. The fi-
ber reinforced composites with nanoengineered matrix
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have much higher strength and fatigue resistance than the
neat composites. For instance, 80% improvement of frac-
ture toughness of carbon fiber reinforced epoxy compos-
ites achieved as a result of 0.5 wt % addition of carbon
nanotubes [19]. 30% enhancement of the interlaminar
shear strength of woven carbon fabric in epoxy matrix
due to the deposition of multi and single walled carbon
nanotubes on fibers [7, 8].

In order to analyze the effect of the nanoparticle dis-
tribution in the matrix and in the interface on the strength
of the composites, a computational multiscale model was
developed, which includes the fiber/matrix interaction at
the higher scale level (microlevel) and nanoclay/epoxy
matrix interaction on nanolevel. A set of programs for the
automatic generation of 3D multiscale models of com-
posites was developed [20—22]. The programs generate
command files for the commercial finite element soft-
ware ABAQUS. The unit cell structures are divided into
two levels. The macro (upper level) unit cells contain
three phases: the matrix, fibers and “third phase” inter-
face layers (which characterizes the interface roughness,
interphases [6, 21]). Both matrix and the interface layer
might contain nanoreinforcements. The microscale
(lower level) unit cell includes the nanoreinforcement in
matrix and/or interfaces, polymer matrix as well as the
“effective interface layers” [23]. The macro-model ana-
lysis saves the time-dependent values of variables (i.e.
stress and displacement field) of the “seed nodes” which

CNT EI

CNT

Fiber with CNT reinforcements

Fig. 3. Example of unit cell model of carbon nanotube reinforced hybrid composite. Reprinted from [24] with kind permission from Elsevier.
GFRC—glass fiber reinforced composite, HC—hybrid composite, CFRC—carbon fiber reinforced composite, El—effective interface.
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Fig. 4. S-N curves for hybrid composites under pure mechanical cyclic loading (tension-compression) with (m, e, # ) and without car-

bon nanotube reinforcement (7, ©, ©) (a) and examples of unit cells (glass/carbon hybrid fiber composites without carbon nanotube,
hybrid with carbon nanotube, and pure carbon reinforced with carbon nanotube composites) (b). Reprinted from [24] with kind permis-

sion from Elsevier.

located on the boundary between macromodel and mic-
romodel after the macrolevel analysis. The micromodel
inherits these data as the initial boundary condition and
together with other added boundary condition (if needed)
to go on the analysis. The mechanical properties and
strength of fibers and epoxy were taken from [20, 24].
The mechanical properties of the “effective interface
layer” between carbon nanotubes and epoxy in the
micromodel were taken from inverse simulations in [25]
(assuming that the “effective interfaces” between
graphene and epoxy, and carbon nanotube and epoxy are
similar). For simplicity, the carbon nanotubes were repre-
sented as cylinders.

A number of 3D multiscale unit cell models of carbon
nanotube and fiber reinforced composites have been
generated and used for the computational testing of struc-
tures of composites [21]. Figure 3 shows an example of a
unit cell model. The aspect ratio of carbon nanotubes was
1000, and they were distributed in the sizing of the fibers.
The volume fraction of the carbon nanotube reinforce-
ment is 0.46%. The model was subject to cyclic compres-
sion-tension loading. In order to simulate the fatigue
damage evolution, two step procedure was employed.
Initial defects (with the sizes of the order of one-two fi-
nite elements) were introduced into the macroscale
model by subjecting the unit cell to a quasi-static load be-
fore the cyclic loading.

Figure 4 shows the S—N curves of composites (under
tension-compression loading with R =—1) with pure glass,
pure carbon and hybrid (1 : 1) fibers, reinforced by carbon

nanotubes located in fiber sizing, and some examples of
the unit cells. The vertical axis is normalized by the initial
maximum stress of 1: 1 hybrid fiber reinforced composite
without carbon nanotube reinforcement under this load-
ing (274.82 MPa).

It was demonstrated that the carbon nanotube en-
hances the fatigue performance (maximum stress and
lifetime) in all considered composites. For the very low
cycle loading, the carbon nanotube reinforcement leads
to 25—-43% increase in the stress, while for the millions
of cycles, the carbon nanotube effect increases the stress
by 64—120%. Similarly, the nanoclay particles located in
the matrix or in the fiber sizing, ensure drastically en-
hanced fatigue lifetimes of composites [20]. Figure 5
shows a schema of model of hierarchical fiber composite
with nanoclay reinforcements (a) and simulated crack
paths in in-between platelets observed in the simulations
(aligned and randomly oriented platelets (b and ¢) [20].

The composites with nanoclay reinforcement achieve
the same fatigue life (taken exemplarily at 5.68x 107 cycles)
as neat composites, while subject to 2.0—3.5 times higher
loadings. 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: 43—49% higher applied stress correspond-
ing to the selected lifetime of 5.68x 107 cycles. Compos-
ites with exfoliated nanoplatelet reinforcement ensure
the better fatigue lifetime than those with clustered par-
ticles. For instance, for the lifetime 5.68x 107, the applied
compressive loading can be 17-25% (both for nanorein-

PHYSICAL MESOMECHANICS Vol.18 No.4 2015
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Fig. 5. Schema of model of hierarchical fiber composite with
nanoclay reinforcements (a) and simulated crack paths in sub-
models (aligned (b) and randomly oriented platelets (c). Re-
printed from [20] with kind permission from Elsevier.

forcement in sizing and in matrix) higher for nano-
reinforced composite with exfoliated structure than for
that with clustered structure.

5. NANOSTRUCTURED INTERFACES:
CONTROLLING THE DEFORMATION SCENARIO

Following [26], and analyzing the nanoarchitectures
of biomaterials, nanometals and nanocomposites and their
effects on the mechanical properties, one can observe the
following common feature. Complex, graded, structured
interfaces of biocomposites, like nacre and teeth, ensure
the extraordinary toughness of the materials [27-30].
Layers of constrained disturbed polymers surrounding
nanoparticles in polymer ensure the drastic enhancement

PHYSICAL MESOMECHANICS Vol.18 No.4 2015

of nanocomposite properties (like 200% increase in stift-
ness or strength achieved at 0.5% nanoparticle content).
As already noted above, nanoparticles (nanoclay or car-
bon nanotubes) located in fiber/matrix interfaces (fiber
sizing) of unidirectional composites allow to increase the
fatigue lifetime of the composites drastically [20, 24, 31].
One of reasons of extraordinary strength and toughness
of nanocrystalline, ultrafine grained metals is the high con-
tent of grain boundary phases in these materials. Their
properties can be further enhanced if the grain bound-
aries are non-equilibrium, with high density of disloca-
tions and especially with foreign atoms/precipitates [32—
34]. The availability of precipitates strongly delays the
damage growth and ensures 83% increase in the critical
strains due to the precipitates, and around 300% increase
due to the precipitates located in grain boundaries.

Summarizing these results one can conclude that the
purposeful nanostructuring of interfaces and grain boun-
daries represents an important reserve of the improve-
ment of the materials properties [26]. Since the material
deformation is often localized in and around defects (in-
terfaces and grain boundaries), the structuring of these
regions (adding specially arranged and oriented nanore-
inforcements, 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. Quite of-
ten, the interfaces with low stiffness lead to the localiza-
tion of deformation, while the internal structures of the
interfaces (like mineral bridges in nacre, or nanoplatelets
in sizing of fiber reinforced composites) allow to control
the deformation, damage initiation and fracture pro-
cesses locally.

6. CONCLUSIONS

In this paper, computational studies of damage
mechanisms in hierarchical composites carried out over
last years at the Section of Composites and Mechanics of
Materials, Department of Wind Energy, Technical Uni-
versity of Denmark, are summarized. Both analytical and
numerical studies are presented. The main potential ad-
vantages of hierarchical materials with view on increased
damage resistance as compared with common compos-
ites include the exploitation of the load transfer between
micro- and nanoelements of the material, localization of
strain and damage mechanisms, combination of struc-
tural elements paying different roles and controlling dif-
ferent properties. The concept of nanostructuring of in-
terfaces and grain boundaries as an important reserve of
the improvement of the materials properties is formulated.
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