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Vulnerability to environmental factors is a major concern for the
reliability of fibre reinforced polymers (FRP). Life of FRP composites is
limited to a great extent by the type and scale of service and

environment factors viz. heat, moisture, mechanical load, alkalinity
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etc. The microstructural damage is the initial site of failure. The multi-
scale analysis using the computer based finite element methods are
becoming increasingly popular. The dissertation presents the
micromechanics of FRP composites subjected to diffusion and
hygromechanical conditions. A comprehensive analysis is undertaken
to analyse the effect microstructural topological arrangement of fibres
inside the matrix. To accomplish this several microstructures have
been created with the variable topologies. The diffusion process is
modelled by Fickian phenomenon. Effect of fibre clustering is reported
on the diffusion kinetics. Several algorithms are written to create the
microstructures with clustered fibre architectures. A number of
statistical measures are employed to quantify the extent of fibre
clustering. The statistical measures were helpful to predict the global
characteristics of microstructures. The results show that the diffusivity
of composites can be controlled through careful design of topology.
Stresses due to the transient moisture distribution have been
estimated through finite element modelling using appropriate
displacement boundary conditions. Some fundamental topologies
have been studied. Most important topological parameters have been
identified. Utilising the results of fibre neighbourhood, interpretation
of large microstructures has been discussed. Considerable interactions
among neighbouring fibres can be observed in the stress build up. A
major part of this study is conducted considering 2-dimensional
microstructures. However the analysis is further extended in 3D to
promote the understanding of diffusion and hygromechanical stress
behaviour along the fibre axis. The observations should be helpful in
designing optimum filament geometry with minimised stress
concentration and impeded moisture ingress for improving the
durability of FRP’s.
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Chapter 1: Introduction

1.1 Background and motivation

The reinforced composites are being used in versatile engineering
applications. Structural, marine, aerospace, wind energy and
automobile are few such industries that have a wide usage of these
materials. Apart from their superior Strength to weight characteristic
the ‘design flexibility’ is an additional benefit presented by the
composite materials. With the freedom to create wide array of shapes
from ‘simple to complex’ by changing the reinforcement direction and
volume fraction these materials can be easily tailored to suit the

purpose.

Amidst the rising popularity of the fibre reinforced polymer (FRP)
composites, there remain wider concerns about their vulnerability to
the environmental factors. During their service life the composite
materials are subjected to different loading and environmental
conditions viz. Thermal (cyclic, freeze-thaw), moisture, alkalinity, fire
etc. The synergistic effects of several environments can exacerbate the
effect of individual environmental factor. As an example, the absorbed
moisture causes temperature to have more severe effect as moisture.
This is because the moisture diffuses through the gaps between
polymeric chains and causes many irreversible changes into the
polymeric structure. The setting of these defects during the working
conditions leads to substantial loss of thermo-physical, mechanical and
chemical properties. This in turn affects the long term durability of the

composites. The inability of composites to deform plastically results in



energy absorption via the creation of matrix cracks and de-lamination.
The principal mechanisms of failure in fibre-reinforced composites are:
- Matrix Cracking
- Fibre-Matrix Debonding: Debonding is separation of the fibre
from the matrix.
- Delamination: Delamination is the failure mode in which cracks
propagate between the layers (lamina) of the composite.
- Fibre Fracture: Fibre fracture is failure of the reinforcement
and normally occurs across the diameter of the fibre.
- Fibre Pullout
- Micro-buckling
- Kink Bands

- Cone of Facture

Alongside the experimental studies it becomes important to develop
and use the alternate capabilities of predicting the response of these
materials. The computer based numerical methods are getting popular
to simulate the response of composites for their numerous
advantages. Apart from saving time and cost, the multi-scale analysis
can be performed using different homogenization techniques. Coupling
both linear and non-linear micromechanics with finite element analysis
presents a powerful tool to analyse the local behaviour. Numerous
micromechanical theories have been developed and utilized to
calculate effective properties of a heterogeneous media and predict
both elastic and inelastic response. Micromechanics is a recognized a
tool to forecast the macroscopic constitutive response of
heterogeneous composite microstructures. For a given macroscopic
loading condition and constitutive properties, the objective is to

measure the localized damage. The possibility to incorporate damage



processes and associated progressive degradation of the constituent
properties has offered the researchers a good flexibility in choosing
damage parameters (Bonora and Ruggiero, 2006; Ghosh et. al., 2007,
Mishnaevsky and Brgndsted, 2007; B6hm, 2012). Since the mechanical
behaviour is modelled as a continuous mass (in absence of space and
discontinuities), most of the times the micromechanics is also referred
as ‘Continuum Micromechanics’. The continuum micromechanics are
studied following the different methods. These methods are broadly
classified as Analytical and Numerical approaches. Many analytical
micromechanical models exist from the simplest bounding methods
(Voigt and Reuss) to complex yet more accurate mean field methods of
homogenization (Hashin-Shtrikman, Eshelby, Mori-Tanaka, composite
cylinder assemblage (CCA) etc.). Within a restricted realm of
application each approach has its obvious strength and weakness
(Jacob, 2012). On the other hand a numerical approach is more
accurate yet computationally intense way to solve the micromechanics
problems. The increase in computational and therefore numerical
resources allows considering periodic homogenizations. These periodic
homogenizations are also called representative volume element (RVE).
The RVE captures close microstructure and represents the topological
arrangement of the different phases. A numerical approach in general
considers a single representative volume element (RVE). The
appropriate load and boundary conditions are applied to approximate

the macroscopic response.

The variation of reinforcement architecture has a great influence on
the residual strength and damage mechanism of the reinforced
polymer composites. At the time of fabrication, the final fibres layup is

influenced by the manufacturing technology, resin flow, mould



geometry, applied pressure etc. Lack of manufacturing control results
in the formation of resin rich zones due to fibre clustering. This in turn

contributes to the variability of bulk properties.

In presence of geometric topology variations it becomes necessary to
analyse the effect of fibre orientations to characterize the fibre matrix
system. The present work studies the effect of microstructural fibre
arrangement on the moisture diffusion and mechanical (Moisture
induced stresses) response of FRP composites. A dedicated effort is
made to simulate and interpret the diffusion and hygromechanical
characteristics of different fibre matrix architectures at various length
scales. The work presented in this thesis is carried out to accomplish
the following objectives:
1. Perform spatial characterization of composite microstructure.
2. Study moisture diffusion response of different classes of
microstructure.
3. Study mechanical response of different classes of microstructure.
4. Evaluate combined mechanical and moisture diffusion response
The proposed micromechanical models integrate various aspects of
geometry of microstructures, diffusion mechanism, hygromechanical
behaviour at different length scales. This should be helpful to describe
the local behaviour and predict the overall system response with time.
The in-house codes are written for the automatic generation of
different microstructures. It takes into account the arrangement of
fibres (Ordered, random and clustered). Solutions are implemented in

FE software.



1.2 Outline of the thesis

The remainder of this thesis is organized as follows:

Chapter 2 is an extended review of literature that includes the studies
related to hygromechanical behaviour, qualitative and quantitative
characterization of composites and micromechanical modelling
techniques. The application of micromechanical theories to solve the
heterogeneous media problems comprising two or more phases with

different materials is also discussed.

Chapter 3 discusses the finite element governing theories. Expressions
are discussed for finite element stress-strain relationships and Fick’s
law of diffusion. These theories are utilized in subsequent chapters

while evaluating the microstructural response.

In Chapter 4 a detailed micromechanical diffusion modelling
framework is presented. The analysis begins by taking simplistic single
fibre and neat resin models. Fickian diffusion is simulated along the
two-dimensional models using FEM. The fibre and Matrix are modelled
explicitly. The influence of fibre and its neighbourhood is discussed on
the diffusion response in terms of moisture evolution. The results lead
to identification of neighbourhood topologies for the better diffusion
response. The results show that the diffusivity of composites can be
controlled through careful spatial design of filaments.

Chapter 5 reports the moisture propagation inside the clustered fibre-
matrix architectures. The algorithms are to generate the random and
uniform architectures are discussed. The novel heuristics are presented
for the faster generation of clustered fibre matrix microstructures. For
a quantitative characterization of microstructures, the different
statistical descriptors of clustering are proposed. The statistical
measures that depict the global characteristics of the microstructure
are found to have a better correlation with time to saturate the

representative volume element.



Chapter 6 presents the micromechanical stresses inside the composite
due to the fibre topology. Stresses due to the transient moisture
distribution have been estimated using a finite element model. Some
fundamental topologies have been studied. Most important
topological parameters have been identified. Utilising the results of
fibre neighbourhood, interpretation of large microstructures has been

discussed.

Chapter 7 reports an extended analysis of composites by 3-dimensional
moisture diffusion followed by stress behaviour. A three-dimensional
(3D) micromechanical model is developed to study diffusion both
across and along the fibre. The well-known 2D plane strain condition is
modelled and validated as a special case of the 3D model. The utility of
3D modelling is further demonstrated to analyse the stress along the
fibre length. It is demonstrated that the variation of boundary
conditions along the fibre length has a dramatic effect on the stresses.

Major conclusions of this thesis are given in chapter 8.



Chapter 2: Literature Review

This chapter presents the background of the issues and objective that
are taken up in this thesis. The relevance of present study is also
emphasized. The present study deals in various aspects of environment
effects on polymer composites with a special reference to their
hygromechanical characteristics. This review includes the available

research re ports:

- On the failure of composites due to environment exposure
- Onthe moisture diffusion inside polymer composites

- On the stresses due to the hygromechanical loading

- Onthe effect of microstructural fibre distribution

- Onthe geometric characterization of microstructures

- Onthe modelling and simulation procedures

2.1 Failure of composite due to environment exposures

A composite material is required to perform under versatile conditions
of tensile, compression, shear, impact and flexural loadings under
different surrounding environments. While under tensile loading the
major part of load is borne by high modulus fibres and they tend to fail
first. It further leads to evolution of localized stress fields due to
significant mismatch between the mechanical properties of the fibre
and matrix. This mismatch leads to stress localization in composites
(Lee and Peppas, 1993; Ray, 2006; Romanov et. al., 2013) and lead to
matrix cracking. The reverse happens in a brittle system where the
matrix starts cracking at low stress levels. With an increase in the load,
the matrix becomes fully saturated with cracks and sheds the entire

load to the fibres (Murthy et. al., 1997). The exposed resins are



susceptible to microcracks at the early stages of service loading
(Gamstedt and Andersen, 2001; Karbhari et. al, 2003). These
microcracks act as precursors to other forms of damage such as Matrix
Delamination, Fibre fracture and Fibre-Matrix Debonding due to the
lack of plastic deformation characteristics. Due to the cyclic nature of
service loads these microcracks coalesce and increased crack
displacements reduce the resin to a fragmented state (Yang and Cox,
2005). The fibre fracture occurs with the further accumulation of
damage whose shape depends upon the interfacial strength. A weak
interface may result in broom-failure whereas a strong interface results
in much planar surface (Gamstedt and Sjogren, 1999). Apart from the
discussed failure elastic and plastic Micro-buckling of fibre and Kink-
band formations are the failure mechanism under compression
(Edeson et. al., 2010; Lopez and Pellegrino, 2012). The matrix allows
fibres to micro-buckle that lead to strain softening and the bulk of the
system drops to lower energy state. Most of the times there are
multiple criterions of failure under mechanical loads acting in
combination. Thus, the failure analysis under mechanical loading is a

complex field.

Thermal exposures are also the usual service conditions. The curing
process of polymers and thermal cycling environments can induce
thermal stress and strain. It alters the mechanical properties when one
substrate is bonded to stiffer elastic substrate (Loh et. al., 2005;
Boualem et. al., 2011). Hygrothermal effects induce the residual stress
(Kundu et. al., 2007). The residual stress can lead to damage and de-
bonding and thus affect the durability of composites. Exposure to
lower temperatures may cause brittleness whereas higher

temperatures lead to decrease in modulus because of thermal



softening (Ray, 2006). In epoxy resins the glass transition temperatures
is the point at which polymer goes from glassy solid to rubbery solid. At
higher temperatures, the polymers go through glass transition and lose
their semi-crystalline nature. It is mainly the susceptibility of resin to
deteriorate under the described conditions has hindered their wider

use especially in the outdoor applications.

2.2 Diffusion mechanism in polymer composites

The mass transfer is due to random molecular motion and it is
independent of the state of the phase (liquid or gaseous) (Crank, 1956;
Sahimi, 1994). In the non-steady state conditions, the concentration of
diffusing mass goes up with the time. The mass due to water builds up
due to the exposure to moist environment. The driving force is
concentration gradient. In this work the term “absorption” is used to
describe the process of moisture (vapours + liquid) diffusion due to the
exposure to humid and wet environments. In many cases the term
“adsorption” has been used to exactly describe the same content
especially in case of porous materials (Lin et. al., 2006; Wu et. al., 2014)
where water vapours gets adsorbed on the wall surface of pores due to
the capillarity. In composites, the moisture diffusion is mainly inside
the resin. This is due to the space available between the polymeric
chains. Flux is the mass of water particles crossing the unit cross
sectional area per unit time. The traditional diffusion theories are
applied in mass transfer analysis assuming that medium is
homogeneous, whereas the fibres are generally hydrophobic. Fick’s
law of diffusion is arguably and important and most common method
in analysing the moisture diffusion inside the composites (Vaddaddi et.

al., 2003(a,b); Tang et. al., 2005; Loh et. al., 2005; Boukhoulda et. al,,



2006; Wang et. al. 2006; Youssef et. al., 2008; Karalekas et. al., 2009;
Joliff et. al, (2012, 2013)). The law is applied under a set of
assumptions related to constituent properties. The Langmuir model
represents a wider class of diffusion phenomenon in comparison the
Fick’'s model. The Langmuir model considers the free and bound phases
of water molecules (Carter and Kibler, 1978). The Langmuir model
considers the physiochemical changes due to moisture absorption. A
free to move molecule becomes a bonded molecule due to reversible
chemical reaction. This results in faster absorption at the earlier time
history and a delayed absorption during the later time intervals. In such
circumstances, Langmuir model captures moisture uptake more

accurately.

2.3 Stresses due to hygromechanical loading

Although fibre reinforced polymers (FRP) are generally durable,
exposure to moisture and temperature can limit their lives
considerably. It was pointed out in the early days of development of
FRPs that their moisture and temperature sensitivity are resin
dominated and they can lead to a change in failure mode, while fibre
dominated properties show very little environmental sensitivity
(Whitney, 1978). The polymer matrix absorbs moisture and tends to
swell. The fibres, on the other hand, remain largely unaffected by
moisture. Thus, interfacial stresses develop in the FRP causing
deformation. Alternating wetting and drying accelerates ageing of FRP.
Moisture distribution inside any composite structure can prove
harmful as it leads to altered stress states because of matrix
plasticization, degraded interface strength and mechanical properties

of the constitutive materials (Tang et. al., 2005; Yagoubi et. al., 2012).
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It can also cause stress build-up due to significant mismatch in the
moisture induced volumetric expansion between the matrix and the
fibres (Lee and Peppas, 1993). Sometimes moisture may carry
deleterious matters that attack the fibre causing severe damages (Fig.
2.1) (Mukherjee and Arwikar, 2005a,b). Such concerns have hindered

the wider use of composites in construction industry.

1,030X 13KV MO 19WR 8 .
o LLL 2B L)

' gL Fibre damage due
u -yl O to alkali transport

Moisture diffusion
through the matrix

Fig. 2.1. Damage in FRP bars in concrete after 12 months in hot water bath
(Mukherjee and Arwikar, 2005b)

The effect of moisture diffusion on the stresses is mostly identical to
the thermal stresses. Effective diffusivity calculations have been
reported (Bond, 2005; Li, 2002; Vaddadi et. al., 2003b) and the

suggested parameters are used to compute the mechanical stresses.

2.4 Effect of microstructural fibre distribution

It is generally believed that a well-controlled manufacturing process
would ensure uniform fibre distribution and optimum performance.
However, some topological variation is inevitable and allowable
tolerances for the intended performance must be ascertained. Fig. 2.2
illustrates various composite micrographs that exhibit different fibre
topologies reported in literature. In these manufactured specimens
different geometrical patterns can be attributed to the chosen

manufacturing procedures. Thus, estimation of moisture diffusion and

11



stresses in presence of topological irregularities is imperative for

ensuring the design life performance of the composites.

s : gupets 10 um

Fig. 2.2. Topological variation in microstructures (a) Resin pockets (Boccaccini et. al.,
1998) (b) Fibre segregation (Shan and Gokhale, 2002) (c) Dense packing with
occasional matrix damage (Mukherjee and Arwikar, 2005b) (d) Resin flow channels
(Ramamurty and Seshacharyulu, 1999)

There are a few prior reports on the effect of reinforcement topology
on particle reinforced composites (Steglich et. al.,, 1999; Segurado et.
al. 2003; Chawla et. al., 2006). Understandably, the microstructural
aspects, such as fibre fraction, size, shape, and distribution play an

important role in the ageing process.

Effect of fibre distribution was found to be quite significant when fibres
are in contact (Joliff et. al., 2012). It is also pointed out that the
polymer and the filament develop an interphase that has considerably
higher diffusion than the bulk resin (Joliff et. al., 2013). If a diffusion

coefficient based on rule of mixture is used, fibre tortuosity is observed
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to considerably alter the diffusion rate of a composite from Fickian
predictions, especially at large moisture concentrations (Tsai et. al.,

2009).

Geometry variations viz. Fibr orientation, aspect ratio, and boundary
conditions play an important role on these characteristics (Singh and
Verma, 2009). Interfacial degradation due to hygral and thermal effects
has been investigated in unit cells with uniformly arranged fibres (Lee,
2000). Among several notable ways to study the effect of different
fibre arrangements, regular fibre arrangements namely the hexagonal
and the square are the fundamental models (Curtin and Takeda, 1998;
Jiang et. al., 2002; Biwa et. al., 2004; Fiedler et. al., 2006; Thomas et.
al., 2008). Statistically equivalent representative volume elements
(RVE) with random and clustered arrangement have also been
attempted (Kondo and Taki, 1982; Lee et. al., 2000; Vaddadi et. al.,
2003a; Hrach et. al., 2006; Fiedler et. al., 2006; Thomas et. al., 2008).

2.5 Geometric characterization of microstructures

An essential quality of the chosen statistical approach is that it should
closely capture the non-homogeneity in distribution through study of
key topological aspects viz. fibre layout, randomness of arrangement,
fibre clustering etc. Nearest neighbour statistics, Poisson point
distribution, Voronoi tessellations have been extensively used for
guantitative characterization of different types of microstructures.
Following are some notable works in this area:
- Two dimensional shape and geometrical locations have been shown
as the variants for automated clustering classification (MacSlyene

et. al., 2008) whereas composite samples of varying strength and

13



type of clustering were analysed by developing functional shape,
size and volume fraction metrics (Okabe and Takeda, 2002; Wilding
and Fullwood, 2011).

- The clustered microstructures were used for quantitative analysis of
physical property relationship in composites when subjected to
elastic (Okabe and Takeda, 2002; Segurdao et. al., 2003; Raghavan
et. al. 2004; Sevostianov and Kushch, 2009; Vaughan and McCarthy,
2011), thermal (Okabe and Takeda, 2002; Sevostianov and Kushch,
2009; Vaughan and McCarthy, 2011), diffusion (Carter and Kibler,
1978; Bond 2005; Boukhoulda, 2006) and Electric (Ramamurty and
Seshacharyulu, 1999) fields.

- Heterogeneity of fibre distribution has been characterized by the
coefficient of variation (C,) of the centre-to-centre distances
between interacting fibres and correlated with mechanical stress
field (Pyrz and Bochenek, 1998) and moisture induced damage
parameter (Abhilash et. al., 2011) where a cut-off radius around a
fibre is employed to define the neighbourhood .

- Voronoi cells and Dirchlet tessellations have been used for
guantitative characterization of different cluster models
representing directional fibre-matrix composites (Ghosh et. al,
1996; Raghavan et. al.,, 2004; Ghosh et. al., 2007). In all these

investigations a random fibre distribution has been considered.

2.6 Modelling & simulation methods

Now a day most of the physical effects viz. mechanical,
thermomechanical, hygral, chemical etc. are simulated employing the
suitable set of governing equations to the multi-scale problems (Meso,

Micro or even Nano structural levels).
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Meanfield and periodic microfield studies are the fundamental
modelling approaches for the composite materials. A meanfield
approach averages out the properties but ignores the fibre distribution
(Bbhm and Rammerstorfer, 1993). Various averaging mean field
theorems normally assume a random and homogeneous
reinforcement distribution and provide the volume averaged stress and

strain fields.

A periodic microfield approach on the other hand assumes that the
reinforcements are placed at prescribed (periodic) locations in space.
The macroscopic properties are determined from the numerical or
analytical simulation of the mechanical response of a representative
volume element (RVE) having proportionate volume fraction of the
constituents. Periodic boundary conditions are employed to respect
the microstructural symmetries (Noda et. al, 2005; Bonora and
Ruggiero, 2006). Therefore the periodic microfield approach can be
regarded as a more detailed investigational approach in terms of the
topological fibre distribution (Bohm et. al., 1993). Unit cell method,
Random and periodic microstructures, cohesive zone model are some

of the popular microfield approaches.

Unit cell Modelling (UCM) is a simplistic modelling approach that
studies the effects of shape, and fibre volume fraction. Assuming a
periodic arrangement of voids, fibres or particles, the unit cells can be
constructed with different shapes (e.g. square, circular, hexagonal,
etc.) and differently positioned inclusions in a representative volume
element (RVE). Micromechanical unit cell models have been widely

applied to the analysis of the composite failure under the tensile
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loading along the fibre direction, or off-axis loading (Zhang et. al,
1997; Benzarti et. al., 2001; Haj-Ali and Kilic, 2003; Zulkifli, 2009;
Vaughan and McCarthy, 2011). For the non-homogeneous materials
like composites while numerical prediction of the parameters
representative volume element can be taken (RVE) to represent the
approximate volume (or area) fraction of the constituent parts which is
typically equivalent to a unit cell (Segurado and LLorca, 2006; Li et.
al.,2010). Fig. 2.3 shows the typical representative volume element
(RVE) that considers different arrangement of circular fibres inside the
resin. All the four RVE’s are statistically identical with a fibre volume
fraction (V) of 0.4 (or 40%) but geometrically different. One quarter of
the region around the circular fibre having similar fibre volume fraction
can considered as a unit cell. In order to model a field problem with the
unit cell, the boundary conditions can be set in manner that the
compatibility of the unit cell with neighbouring cells in the infinite

composite can be satisfied.

¢o000

Unit Cell
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Fig. 2.3. lllustration of a typical 2 dimensional RVE’s with different fibre
arrangements and a unit cell

Depending on the arrangement of fibres the unit cells can be
constructed with various shapes. The effect of thermal residual
stresses in composites was modelled was modelled (Tsai and Chi, 2008)
considering different fibre packings and then choosing an appropriate

unit cell from different fibre arrays (Fig. 2.4).

Hexagonal
Square Edge Square diagonal
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Fig. 2.4. Different fibre packings and corresponding unit cells (Tsai and Chi, 2008)

Many a times the 3-dimensional axi-symmetric cylindrical unit cells are
used along with 2-dimensional unit cells to extend the study under
three dimensional loading conditions (Kuna and Zun, 1996; Noda and

Nisitani, 2005).

In case the shape and topology of inclusions is changed the results
given by unit cell models may vary drastically. Therefore it is very
important to clarify the effect of topology in a close if not real
microstructure. In order to model the two phase composites, the

effect of topology is studied by choosing representative volume
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elements with periodic and random fibre inclusions. This approach
provides full control of the constituent properties, spatial distribution
and loading to assess the validity of the failure criteria (Mishnaevsky

and Schmauder, 2001).

FRP’s are being increasingly prepared outdoors such as in construction
sites using hand layup technology where controlling the fibre
arrangement can be challenging. Hence the fibre distribution is often
clustered in composites leading to resin rich areas. These areas can be
potential nucleation sites of moisture diffusion. It is important to
understand the moisture diffusion through clustered microstructure to
realistically estimate the life of such composites. To study the effect of
clustering it is important to have microstructures with various
clustering characteristics. Synthetic microstructures can closely
replicate the real ones and at the same time can reproduce the desired
clustering characteristics. In addition to statistical conformance the
algorithm must be efficient in computation time. In order to generate
the random fibres architecture simple random microstructure
generation (RMG) algorithms work well up to a fibre volume fraction
around 0.5. The modified RMG based on specially developed heuristics
is able to generate random distributions with high fibres volume
fractions (Melro et. al., 2008). Strauss hard-core model (Pyrz, 1994) is
equally popular in getting a uniform statistical distribution by
maintaining certain minimum distance when the fibre volume fractions
is limited to around 0.5 (Melro et. al., 2008; Sevostianov and Kushch,
2009). Once a random microstructure is generated, it can be used as a
starting point for generating representative clustered arrangements

through controlled fibres movement.
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In order to determine the effect of clustering, the clustered
microstructures are modelled often by choosing different cluster
shapes. The shape of the clusters is by and large decided by the
requirement of the analysis. A variety of cluster structures such as line,
circular, string or chain, and elliptical have been reported (MacSleyne
et. al.,, 2008; Sevostianov and Kushch, 2009; Wilding and Fullwood,
2011). In general, the architecture is controlled by randomly seeding
centre points of the clusters followed by addition of new fibres around
these centres. Composite samples of varying strength and type of
clustering have been analysed by developing functional shape, size and
volume fraction metrics (Okabe and Takeda, 2002; MacSleyne et. al.,

2008).

2.7 Summary of literature and research gap

From the studied literature it is concluded that it is matrix which is
more susceptible to the deterioration under the moist environments.
The diffusion and resulting stresses in a fibre-matrix system vary
considerably with the topology and clustering of the fibres inside the
polymer matrix. Thus it becomes imperative to study the effect of final
fibre arrangements on the overall behaviour of FRP composites when
they are subjected to service conditions. There are several gaps in the
available literature which are summarized as follows:

(i) In several available literatures the effect of topology is studied
adopting unit cell, periodic microfield and regular/random
neighbourhood microarchitectures. There doesn’t exist any topological
models which analyze the effect of parameters viz. neighbourhood

orientation/density/inter fibre gaps in a smaller localized field.
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Adopting such approach should be helpful in understanding the effect
of local microstructure in a more detailed manner.

(ii) The effect of fibre clustering is reported mainly in context of
mechanical and thermal loading conditions, but there doesn’t exist
much literature on the effect of clustering over the hygromechanical
response.

(iii) Although a number of statistical measures exists to characterize
the microstructure. They have largely been used to describe the
microstructure in the elastic fields. The existing and new statistical
measures can be used to microstructure characterization and correlate

it with mass diffusion characteristics.
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Chapter 3: Finite Element Governing Theories

The finite element framework is employed to model diffusion and
hygromechanical response. The material behaviour is studied for two
phase composites at the microstructural level. The micromechanical
behaviour is studied choosing appropriate for the considered

microstructures subjected to various loading and boundary conditions.

3.1 Ficks’s law of diffusion

For most of the fibre-reinforced polymer composites, diffusivity of the
fibre is negligible as compared to that of the polymer matrix. Hence, it
is entirely appropriate to consider moisture transport occurring only in
the matrix. The moisture diffusion inside reinforced polymers can be
attributed to the presence of either liquid or water vapour in

respective wet or humid service conditions.

The Darcy flow is found more suitable at nano scale pores (Vlahini¢ et.
al. 2012). In the micro scale models the Fick and Langmuir models are
preferred. Most of the works in diffusion kinetics are based on either
Fickian or Langmuir models. The majority of the models for diffusion
kinetics in composite materials (Vaddaddi et. al., 2003(a,b); Tang et. al.,
2005; Loh et. al., 2005; Boukhoulda et. al., 2006; Wang et. al., 2006;
Youssef et. al., 2008; Karalekas et. al., 2009; Joliff et. al., (2012, 2013))
are based on Fick's law that states moisture sorption is a diffusion
mechanism at a constant rate and constant solubility. Since the effort
of this work is towards the effect of fibre topology and a majority of

this thesis is dedicated to effect of fibre placement and clustering on
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the diffusion and related stresses. Therefore a simplified Fick’s model
based on the restrictive assumption of constant diffusivity has been
used. In the current work Fick’s law of diffusion is applied under
various set of assumptions.
Under the moisture boundary conditions diffusion is simulated through
reinforced composites with one of its edges suddenly exposed from dry
state to the ambient moisture (C,,,p) that is maintained throughout
the time of diffusion. The assumptions are:
1. The moisture diffuses through the gaps in polymer structure.
2. The mass transfer in the composite is due to exposure to the humid
environment that results in concentration gradient across the plane.
3. The diffusivity of the fibre and the matrix remains unaffected during
the moisture diffusion process.
4. The maximum moisture concentration in the entire domain does not
exceed the concentration at the exposed edge (saturation
concentration).
Fick's second lawcan be used to predict the change of mass
concentration (C) of a diffusing material in time and space for a given
diffusivity (D) of the medium and flux vector (J). It represents a non-
steady state diffusion. The governing equation for mass diffusion is:
aC/ot+V.]=0 (3.1)
Where V is the generalized gradient operator. In steady state f does
not change with time. When Eq. (3.1) is applied to inhomogeneous
fibre-matrix regions, mass concentration (C) is not continuous across
the interface between two different materials (Tang et. al., 2005). To
overcome this problem, the concept of normalized moisture
concentration ¢ is used for composite material systems to maintain
the interfacial continuity.

$p=C/C” (3.2)
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Here C® is the saturation mass concentration of the diffusing material
within a particular material. Fick’s first law combined with Eq. (3.1) and
Eg. (3.2) can be solved by implicit finite element scheme with the
normalized concentration as basic field variable. According to Fick’s

first law

> ac

J=-D= (3:3)
Taking D,, as diffusivity of matrix resin, and The Eq. (3.1) can be

rewritten as in the form of 2™ order partial differential equation
2
e =Dyt (3.4)
Fig. 3.1 shows the schematic of a reinforced polymer domain exposed
to the moisture. The initial and boundary conditions for moisture
exposed surfaces are C =0 (0<x<a,Vt=0) and =C, (x =
0,Vt > 0) respectively. Rest of the edges in Fig. 3.1 are assumed as

impermeable boundaries.

Surfaces exposed to

SymmetnéPlane the moisture € = C,

Fig. 3.1 Boundary conditions of a composite laminate subjected to humid
environments

Under the restrictive assumption that diffusivity remains unaffected
with moisture content, the solution to the Fickian equation under the

boundary conditions described in Fig. 3.1 is given by (Jost; 1960)
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Here L is the specimen thickness. C(t) is absorbed moisture % at time
instance t and C,, C; are the ambient moisture and initial moisture
concentration (if any) inside the specimen.
Since it is not possible to measure the moisture concentration at a
point experimentally, the above expression is integrated over the area
and the fractional mass uptake of the as a function of time as given by

(Shen and Springer, 1976):

22
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Here M, is the mass of moisture after absorption time t and M, is the

mass of saturated lamina. Eq. (3.6) implies that the moisture mass of
the matrix part exposed to a humid environment obeys an asymptotic
behaviour, for which a saturation state exists. An approximation to
equation (3.6) is given by the expression in following form (Jiang et. al.,

2012; Eslami et. al., 2014)
Dt 0.75
M, = M,, {1 _o[73(®) ]} (3.7)

Eg 3.8 thru Eg. 3.10 are the corresponding equations applicable for

three-dimensional diffusion:

%sz(—+—+£) (3.8)

Here dc/ 0%, dc/ dy, dc/ 0z are the concentration gradients in the

orthogonal axes.

c®-ci 64 (-Di-1J (-
Camb— Ci =1 Z OZ Ozk O(Zl+1)(2j+1)(2k+1)
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a, b, c are characteristic dimensions of 3D diffusion space along x, vy,
and z. The weight gain is calculated by the volume integration of Eq.

3.9. It results in the fractional mass uptake (Shen and Springer, 1976):
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3.2 Hygromechanical stress-strain relationships
The moisture diffusion results in hygroscopic swelling. The induced
body forces results due to expansion results in volumetric stresses. The
analogy between the moisture diffusion and heat conduction laws can
be exploited during the stress analysis. The hygral strain is assumed
linearly proportional to moisture concentration:
€n = BnC (3.11)

Where €, is the hygral strain tensor and [, (mm?3/g) is the coefficient
of moisture expansion. Eq. (3.1) can be solved at discrete time
intervals with sufficiently small time steps. The generalised body forces
due to moisture expansion can be obtained by employing the
constitutive relationship on the strains.

o, = Dgy (3.12)
D is the material constitutive matrix. In the present investigation
stiffness based finite element technique with nodal displacements as
field variables has been used. The mechanical stresses induced by the
ingress of moisture can be obtained by solving energy invariant
relationship for the deformable body

6l (u) =0 (3.13)
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Where u is the displacement vector due to moisture expansion and
II (u) is the total energy of the system. Thus, Eq. (3.13) can been

rewritten as
Ku — fv Dgydv = 0 (3.14)

K is the stiffness matrix. Eq. (3.1) and Eq. (3.14) are solved at
successive time steps to obtain the moisture concentrations and
displacements thereof. The stresses induced due to moisture build up
can be obtained in finite element framework as

o =DBu (3.15)
Where B is the strain-displacement relationship matrix; and @ is the
stress tensor. The hygroscopic mismatch strain has a significant impact
at the interface. Therefore, in addition to aforesaid boundary
conditions the nodes are tied at the fibre matrix interface to model the
interfacial behaviour. Once boundary conditions are applied, the
resulting linear simultaneous equations (Eg. 3.14) can be solved for
nodal displacements and hence strains. For the plane strain problem

the stress components along the plane are:

Ohx 1-p 0 7/ enx
Ony \ — _ B | u 1—p 0 €hy ¢ (3.16)
Chxy 1+w@-2p) 0 0 1—22u Yhsy
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Chapter 4: Diffusion Micromechanics

Fibre distribution in a polymer matrix composite plays a key role in
moisture transport which in turn affects its long term behaviour. In this
chapter, effect of filament arrangement on moisture diffusion is
studied. The emphasis is on the effect of neighbourhood filaments on a
single filament placed in a polymer matrix. The effect of tortuosity has
been analysed along transverse direction by considering arbitrary
cross-sections with carefully controlled filament distribution. Influence
of inter-filament distance, their angles and size of neighbourhood has
been reported. Fickian diffusion has been simulated using finite
element method. Several microstructures have been created using
variable angular and spatial orientations of the filaments. Their
saturation times have been recorded and analysed. Microstructures for
most favourable saturation time have been identified. The results show
that the diffusivity of composites can be controlled through careful
spatial design of filaments. The observations should serve as a clue for
designing optimum filament geometry for impeding moisture ingress
and improving durability of composites. The results are fundamental
building blocks for analysing the behaviour of large fibre topologies.
They also indicate basic principles of designing optimum filament

geometry for control of moisture ingress.

4.1 Finite element diffusion model
Fig.4.1 is an illustration of a cross-section of a uni-directional

composite that is studied here.
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Fig. 4.1. Present diffusion problem

The left edge is exposed to a moist environment of specified
concentration. At time t=0 the entire representative model including
its other three edges had zero moisture content, The boundary
conditions for moisture exposed left edge are:

cC=0 0<x<aVt=0) (4.4a)

C=Cinp ((x =0,Vt>0) (4.4D)
The rest of edges in Fig. 4.1 are impermeable boundaries with no
moisture flux entering or leaving them for the entire duration, the

boundary conditions of these edges are:

-

J=0 (x =ay=0y=>bVt=0) (4.5)
Using these boundary conditions diffusion is simulated through a two-
dimensional lamina representing transverse section of a reinforced
composite with one of its edges suddenly exposed from dry state to
the ambient moisture (Cy,,p) that is maintained throughout the time

of diffusion.

Moisture diffusion is modelled by Fickian diffusion based FE code

ABAQUS (ABAQUS/STANDARD, 2011). All models of presented in this
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chapter were meshed using quad-dominated (4-noded DC2DA4)
elements. One of the challenges of using a microstructure-based
approach is that a large number of elements and a highly refined mesh
are required to conform to the heterogeneous nature of the
microstructure. A convergence study is carried out to determine the
optimum mesh size and time step. Considering a typical filament radius
(R) of 9um, approximately 8,000 elements were used to mesh most of
the geometric models. Each node has a single degree of freedom of
moisture concentration. Properties used are listed in Table 4.1.

Table 4.1: Material properties of fibre and epoxy (Vaddadi et. al., 2003a)

Property Fibre Matrix
Moisture Diffusivity 0 54.4x 10" mz/s
Solubility(S) 0 1

In transient mass diffusion analysis with second order elements there is
a relationship between the minimum usable time step and the element
size. A simple guideline to get the solution convergence is (ABAQUS
MANUAL, 2011):

At > Al?/6D (4.6)
Where At is the time increment, D is the diffusivity, and Al is the
typical element dimension (such as the length of a side of an element).
If time increments smaller than this value are used, spurious
oscillations can appear in the solution. In the present work At is chosen
based on Eq. (4.6). Several analyses on varying filament topologies
have been performed to study the effect of filament arrangement on
moisture diffusion. The moisture concentration inside the domain
increases gradually to finally reach the specified concentration of the
left edge. When any point reaches the moisture concentration of the

left edge it saturates, i.e. it holds no more moisture. The analysis ends
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when the entire domain reaches saturation. Thus, saturation
progresses from the left edge to the right. The progression of the
saturation front is depicted as a ratio of the area that is saturated to
the total area of the resin. Understandably, this progression is
influenced by the presence of the fibres and their location. The time to

full saturation is also noted to evaluate different microstructures.

4.2 Model validations

The present model is validated by comparing the rate of weight gain in
a carbon fibre reinforced composite when moisture diffuses through
one boundary. The parameters have been kept the same as the
experimental (Vaddadi et. al, 2003a). Two smeared models are
compared with the present model. A microstructure of dimensions
600um x 64um with randomly distributed fibre is generated (Fig. 4.2).
A finite element mesh is generated. One 64um edge is exposed to the

moisture.

Y

Vo b 4

Fig. 4.2. Moisture diffusion through composite model

Two homogenized smeared models based on the Halpin-Tsai
relationship (Halpin, 1984; Springer, 1984) and Rule of mixtures (Alger,
1997; Askeland, 2010) are also compared. If D,, and Ds are the
diffusivities of the matrix and the fibre, and 1}, and Ve are the
corresponding volume fractions, then according to Halpin and Tsai

relationship the effective diffusivity is:
1—Vf
1+Vf
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Alternatively, when a general rule of mixtures by weighted mean is
used to predict the effective diffusivity, the relationship is:
Dosr = VipnDy + Ve Dy (4.8)
The gain in weight due to moisture diffusion is calculated by integrating
the moisture concentration in the entire domain. The weight of
specimen at a given time W (t) when measured with respect to weight
of dry specimen W (0) results in relative weight gain percentage (w;):
we = [W(t) —W(0)]/W(0) (4.9)
The present example has maximum moisture content of 1.48% and
fibre volume fraction(Vy) is 0.58. Thus %moisture shall converge at

1.48 x (1-.58) = 0.62.

Weight gain due to diffusion was estimated for 600 hours using the
smeared models and compared with the present analysis where the
fibre and the matrix are modelled distinctly. Fig. 4.3 shows the weight
gain with time. It is clear that the present analysis agrees reasonably
well with the experimental results. It may be noted that the exact
microstructure of the experimental specimen is not available. Thus, a
randomly distributed fibre microstructure of the same volume fraction
as in the experiment is created. Smeared models show similar trends
of weight gain. However, the rate of moisture absorption is slower in
the smeared models. This is due to the missed interactions of the fibres

and the moisture in the smeared formulations.
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Fig. 4.3. Comparison between finite element and experimentally reported weight

gain

The trend in weight gain is clearly Fickian for this class of problems. The
example clearly highlights the importance of modelling the fibre and
the matrix distinctly if one is interested in studying the propagation of
moisture through the fibre composite. It may also be noted that the
fibre topology in the experimental specimen is not available. It is
modelled approximately by randomly distributing the fibre of the same
volume fraction as in the experiment. Although the equivalent
randomly distributed microstructure could predict overall trends very
well there are local variations. There are bound to be local differences
in fibre topologies of the experimental and the theoretical models. This
mismatch is likely to cause local deviations of the present results from
the experimental ones. This observation also establishes the influence
of local fibre geometry on the moisture diffusion that is hitherto
ignored in smeared models. The influence of fibre topology on

moisture diffusion is presented.
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4.3 Neighbourhood interactions

This section reports influence of topology of filaments on moisture
diffusion. Both progression of moisture and saturation have been
studied. Neat resin has been taken as the benchmark case. Effect of
introduction of single reference filament is observed. Then new
filaments are introduced around the reference filament to study their

interactions.

4.3.1 Reference filament

Fig. 4.4 shows simulation snapshots taken at different stages of
moisture progression. At first, a square domain of dimension 54um has
been considered for the neat resin. Moisture concentration (C) of 1.48
weight percentage of the polymer has been introduced at the left

edge.

Time (secs) 1.0x10° | 2.0x10° | 3.0x10° | 4.0x10°

Neat Resin

CONC
(Avg: 75%)

+1.480e+00
+1.357e400
+1.233e+00
+1.110e+00
+9.B67e-01 ——— ;
+8.6338-01 i Single Filament
+7.400e-01
+6.1676-01
+4.933e-01
+3.700e-01
+2.467e-01
+1.233e-01
+0.000e+00

Fig. 4.4. Moisture isolines at different times

It’s progression through the resin is observed at distinct time points. As
evident from Fig. 4.4, moisture progresses uniformly along Y for neat

resin.
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To evaluate the effect of filaments on moisture progression a single
filament of radius R= 9um has been introduced at the centre of the
domain. It is intuitive that the filament that does not absorb any
moisture would act as a barrier and thus, would extend the time taken
for saturation. It can be noticed in Fig. 4.4 that the isolines to the left of
filament bend towards it. It illustrates that instead of acting as a
barrier, the filament attracts moisture towards it. This phenomenon
can be explained by studying the concentration gradient of the
composite. The filament does not absorb any moisture thus it remains
a dry island while moisture diffuses through the resin. Therefore, as a
result of introduction of the filament in the neat polymer resin the
largest concentration gradient (C) between the resin and the filament
is created at the centre of the domain. As a result, the filament acts as
an attractor of moisture rather than a barrier. Final saturation time of
the neat resin and the single filament models are 4.04 x 10° s and 4.37

x 10° s respectively.

To estimate the rate of internal progression of moisture front a colour
based spatial calibration technique has been used (Image J Analyzer,
2013). For the image shown in Fig. 4.5a, area fraction of saturated resin
is almost 8.5 percent of total area. In a similar manner, fraction of area
that is saturated has been measured for all time steps. In the neat resin
the left edge attains the saturation first and it progresses in a straight
line towards the right edge. The rate of progression of saturation front
has been reported in Fig. 4.5b. It can be noted that saturation front
moves exponentially in space. It is clear that the solution to Eq. (3.1) is

exponential in X.
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Fig. 4.5. (a) Area fraction of saturated resin (b) moisture hrogfessidn in neat resinand
single filament

In the case of the composite if we note the profile of concentration
isolines (Fig. 4.4) on the right of the filament they too bend towards it.
Therefore, it is clear that the filament starts to prevent moisture
diffusion only after the water molecule has passed it and as a result, it
slows down the progression of moisture front. This phenomenon is
illustrated in a comparison of moisture progression between neat resin
and single filament in Fig. 4.5b. Moisture diffusion starts from X=0. It
progresses faster in the presence of filament than in the neat resin at
the left side of the filament. This is somewhat counter-intuitive.
However, it is easily understood that the higher moisture gradient is
created in presence of fibre is responsible for faster progression of
moisture. The two curves cross each other at the centre of filament.
Beyond that point progression in composite slows down below that of
the neat resin. Finally, the composite takes about 8.3% longer to
completely saturate. Thus, the effect of embedding a non-absorbing
and non-diffusive filament on a diffusive matrix is that moisture will be
attracted towards the filament. It accelerates the progression of
moisture front until it has reached the filament and deters the front

from progressing further. The overall result is an increase in saturation
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time. However, understanding the internal kinetics of the saturation

front is as important as the final saturation time.

4.3.2 Neighbourhood filaments

In this section the effect of introducing other filaments in vicinity of the
reference filament (reported earlier) is observed. The filaments
surrounding reference filament are named as neighbourhood
filaments. The neighbourhood is characterized by three parameters -
angle (6), distance (d) and density (N) (Fig. 4.6). The neighbourhood
filaments are located in a symmetrical fashion across the horizontal
line bisecting the reference filament. Thus, neighbourhood filaments
are introduced in a pair at +0 at the same distance (d) from the
reference filament. The angle (0) is varied in a range of 15° to 165° with
an increment of 30°. It may be noted that for small distances (d) the
increment of 8 must be higher to avoid overlap between the filaments.

In such cases the next feasible increment is chosen.

The distance (d) is varied in range 2R-4R where R is the radius of
filaments. The theoretical limit of packing of filament is 2R and from
our experience It is observed that effect of neighbourhood is negligible
beyond 4R. Thus, this range covers the entire zone of interest. The
third parameter is density (N) that ranges from 2 to 12. For the
filament radius (R) of 9u, a representative square domain of 92u
dimension was sufficient to accommaodate the neighbour arrangement
of largest considered gap (d=4R). The effective volume fraction range is
9% (for N=2) to 40% (N=12). The entire neighbourhood matrix is

presented in Table 4.2.
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Table 4.2: Neighbourhood matrix with nomenclature.

Orientation(6)
0-2R-N 30°,-30° 90°,-90° 150, -150°
2 30-2R-2 90-2R-2 150-2R-2
N [4 90-2R-4 150-2R-4
6 150-2R-6
#-2.5R-N 30°,-30° 90°,-90° 150°, -150°
2 30-2.5R-2 | 90-2.5R-2 | 150-2.5R-2
N |4 90-2.5R-4 | 150-2.5R-4
6 150-2.5R-6
0-3.5R-N 30°,-30° 75 75 120°,-120° | 135,-135° 150, -150°
2 30-3.5R-2 | 75-35R-2 | 120-3.5R-2 | 135-35R-2 | 150-3.5R-2
N [4 75-35R-4 | 120-35R-4 | 135-35R-4 | 150-3.5R-4
6 120-3.5R-6 | 135-3.5R-6 | 150-3.5R-6
0-4R-N 15", -15’ 45" 45 75 ,-75 105°,-105" | 135',-135° 165 -165
2 15-4R-2 45-4R-2 75-4R-2 105-4R-2 135-4R-2 165-4R-2
4 45-4R-4 75-4R-4 105-4R-4 135-4R-4 165-4R-4
6 75-4R-6 105-4R-6 135-4R-6 165-4R-6
N g 105-4R-8 135-4R-8 165-4R-8
10 135-4R-10 | 165-4R-10
12 165-4R-12

The nomenclature of each model is defined in sequence 68-d-N. Table is
divided in sub-domains of distance (d). Within each sub-domain each
column corresponds to same 6 and varying N while each row
corresponds to same N and varying 6. This definition has been used

consistently in the subsequent discussion.

Matrix

Neighbor Filament

R lineo symmetry

Reference Filament

Neighbor Filament

T T

Fig. 4.6. lllustration of neighbourhood parameters (6-d-N)
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(i) Influence of 6

Fig. 4.7 illustrates the progression of moisture front for 6-2R-2
configuration with 6 = 30, 90, 150.
Time (103 sec.)

0 200 400 600 800 1,000 1,200 1«
100 r r

Saturated Resin (%)
w B ul (2] ~ [e0] [{e}
o o o o o o o

N
o

=
o

Fig. 4.7. Moisture progression in resin for 8-2R-2configuration
The curve for single filament is presented for comparison. It is noted

that although the density is constant there is a substantial variation in
the rate of diffusion with 8. While 8 =90 increases the saturation time
taken to 1.6 x 10° s if compared to 1.2 x 10° s (single filament), in case
of B = 150 there is no gain in saturation time even with the addition of
2 more filaments in the composite. The graph also demonstrates that
there can be dramatic variation in moisture ingress due to change in

angular orientation although density remains unchanged.

It is demonstrated in section 4.3.1 that filaments behave as attractors
of moisture. Thus, introduction of neighbourhood filaments
accelerates the ingress of moisture front towards it whereas retards

the progression only when moisture moves towards right of filament.

38



O = 150 introduces 2 filaments at the back of reference filament thus,
when the front has passed the reference filament, the retardation
effect of reference filament is overcome by acceleration effect of two
neighbourhood filaments. Therefore, there is no gain in introducing
additional filaments. The reverse happens at 6 = 30. In this case the
two neighbourhood filaments are introduced in front of reference
filament thus when moisture front passes over the reference filament
the neighbour filaments retard the progression whereas reference
filament pulls the front forward. As the pull of 2 neighbourhood
filaments is more than the single reference filament. The moisture gets
retarded and that result in increase in time to saturation. This point is
further emphasized in case of 8 = 90. In this case all 3 filaments attract
or retard the front simultaneously. As a result, there is no counter-
acting effect of the neighbourhood on the reference filament. This

configuration results in highest saturation time.

Time = 0.8x10° 1.2x10° 1.4x10° 1.6x10°
(secs)

Single
Filament

8 =150

Fig. 4.8. Moisture profiles with N=2 at different
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The diffusion phenomenon is illustrated through moisture isolines in
Fig. 4.8. When the snapshots are compared at 0.8 x 10° s it is observed
that the saturation front has reached the farthest at 8 = 90. This
demonstrates the highest attractive pull of this configuration.
However, when on comparing the images at 1.2 x 10° s it is seen that
the single filament has lost almost all its capacity to resist moisture.
This is demonstrated by a flat isoline in that case. Among all N=2
configurations the moisture advances the most in 8=150 configuration
while 8 = 30 and 90 still resist the advancement of moisture. At 1.4 x
10° s both the single fibre and the 8 = 150 configurations have been
completely saturated and the moisture front has passed further for 0 =
30 than 6 = 90. This demonstrates the combined retardation for 6 = 90
while the counter-acting effect of 2 neighbouring filaments and the
reference filament that results in lower resistance for 8 = 30. At 1.6 x
10° s all the microstructures are fully saturated. Thus, it is concluded
that angular orientation of the neighbourhood has a profound effect

on moisture diffusion in composites. The resistance is highest at 6 = 90.

(ii) Influence of d

Effect of distance between the reference and the neighbourhood
filaments (d) is demonstrated in Fig. 4.9. The graph for single fibre is
plotted for reference. The saturation time varies inversely with d. The
effect is most evident in 8=90 (Fig. 4.9a). The saturation time is
maximum at the minimum theoretical limit of d=2R. As d increase, the
neighbourhood effect diminishes and the filaments tend to behave as
individual ones as a result the saturation curve comes closer to that of

the single filament.
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Fig. 4.9. Moisture )arogressioh in compo.site (a)© =90 (b) 6 = 150

For 8 = 150 (Fig. 4.9b) the effect of d is marginal. However, regardless
of d all microstructures have lower saturation time than the single

filament. Thus, it is clear that addition of filaments beyond 6=90 would

accelerate the moisture diffusion rather than retarding it.
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(iii) Influence of 6 and d

Saturation times for the entire range of 8 and d are plotted in Fig. 4.10.
It is seen that although density remains unchanged the saturation time
has ranged between 1.15 x 10° s and 1.6 x 10° s. This underlines the
seminal effect of microstructural arrangement on moisture diffusion.
The curve for single filament is used for reference. It is clear that
introduction of neighbouring filaments may increase or reduce the
saturation time depending on 0 and d. For best retardation one should
keep © = 90 and d = 2R while 8 > 150 would allow fastest ingress of

moisture irrespective of d.

1,650 . r

1,600 |-
1,550 |-
; 1,500

1,450 |-

(10‘°’sec )

»1,400 |-
1,350 |-

1,300 |-

1,250 |-

Single Filament

1,200 - \‘

Saturation time t

1,150 |-

Fig‘y.‘t;:lO. Saturation duration vs. neighbourhood orientation

(iv) Influence of ©, d, and N

The combined effect of O, d, and N is studied in this section. A matrix
for a range of filament arrangements with varying 8, d and N was
already generated (Table 4.2). The table has been divided into sections

of constant d. In each section the rows have same N while the columns
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have same 0. To explain the geometry, the section d=4R is illustrated
here. The case of 15-4R-2 has two neighbourhood filaments at 15°
angle at a radial distance of 4R from the reference fibre (Fig. 4.11a). As
we move along the row 0 increases gradually at an interval of 30° from
15 to 165 (Fig. 4.11b) resulting in a shift of the two neighbourhood

filaments in a circular arc of radius 4R.

(a) 15-4R-2 (b) 165-4R-2
e e

(d) 165-4R-4

'-..-O

fixed current
filament filament

fllamcm
Fig. 4.11. Layouts featuring the nomenclature (6-d-N) adopted to describe
neighbourhoods

The density (N) is increased to 4 in the subsequent row of Table 4.2. In
this case the first two neighbourhood filaments are fixed at 15°. Then
two new filaments are introduced at an initial 8 of 45° (Fig. 4.11c). The
new filaments are moved in a circular arc of radius 4R at a step of 30°
up to 165° (Fig. 4.11d). In this manner the density has been gradually
increased in subsequent rows of Table 4.2 up to a maximum of 12. Fig.
4.11e illustrates an intermediate case of 135-4R-8. The densest

configuration is 165-4R-12 (Fig. 4.11f). It may be noted that as d
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reduces maintaining a 30° interval is not feasible as the filaments tend
to overlap. Therefore, for a smaller d an interval higher than 30° has

been used.

The saturation time for all the microstructures has been evaluated. Fig.
4.12 presents the variation of saturation time for different filament
configurations. Each curve corresponds to a fixed density (N) whereas
each marker point on a particular curve corresponds to the orientation
(6) of the rightmost filament when it moves in presence of a fixed
number of filaments at its left at fixed orientations. Number of marker
points on each graph is equal to the number of uniquely defined

configurations in Table 4.2 for the particular distance (d).

The results are presented for 3 different neighbourhood distances (d).
For d=4R (Fig. 4.12a) the saturation times ranging from N=2 to 12 are

presented. The curve for the single filament is drawn for reference.
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Fig. 4.12. (a-c) Saturation time for different microstructures

Fig. 4.12a corresponds to the 6-4R-N section of Table 4.2. It can be
seen that as N increases the saturation time (t) also increases till N=8.
Beyond that point tsreduces with increase in N. Although the fraction

of filament goes up in the composite, t; goes down. It may be noted
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from the 135-4R-N column of Table 4.2 that from this point the
neighbourhood filaments start being positioned behind the reference
filament. As discussed previously, such orientations reduce t; due to
their forward pull on the moisture front that accelerates moisture
progression.

Among the 39 orientations reported in Fig. 4.12, 10 of the
configurations show faster diffusion when new neighbourhood
filaments have been included. Thus although the density and therefore
the volume fraction goes up, the composite has a faster rate of
diffusion. The corresponding marker points are encircled red in the
graphs. 6 of these 10 cases correspond to d=4R (N=8, 10, 12), 3 are for
d=3.5R (N=6, 8) and one for d = 2.5R (N=6). The orientations that took
longer to saturate although their fibre volume fraction is less are
encircled green. For example, 75-4R-6 contained 6 neighbouring
filaments in comparison to 165-4R-8 that had a similar shape except 2
additional filaments at 8 = 165. The saturation time in the former with
25% fewer filaments is 10.5% higher than the latter with a higher
volume fraction. These results emphasize that the spatial distribution
of filaments in terms of inter-filament distance and angular orientation
is of far greater importance than the density or the volume fraction in
moisture propagation characteristics of the composite. There are
topological limits to filament geometry beyond which the effective

diffusivity cannot be reduced through introduction of new filaments.

4.4 Diffusion in clusters
This section highlights the diffusion behaviour of different filament
clusters with variable densities. A very closely packed cluster having

d=2R with hexagonal orientation (theoretical limit of close packing) is
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used (Fig. 4.13a). This is the arrangement with the largest number (19)
of filaments (volume fraction=57%). We call it cluster A. The cluster of
Fig. 4.13b (cluster B) is created by removing 10 filaments of Fig. 4.13a.
Thus, cluster B has N=9 and volume fraction 27%. Two filaments have
been added to cluster B to create the other two configurations. In Fig.
4.13c the two new filaments have been added at the back of the
cluster, away from the diffusing edge (cluster C). While Fig. 4.13d
shows the configuration where two new filaments have been added
closer to the diffusing edge (cluster D). In terms of angular orientation,
0 of the new filaments in cluster C was lower than 90° while that of

cluster D was more than 90°.

Fig. 4.13. Different cluster arrangements

Moisture progression snapshots at three different time points are
presented in Fig. 4.14. At time 2 x 10% half of cluster A is saturated

(spread of red color in the domain). Although the fibre density of
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cluster B is less than half of A, at time 2 x 10% less than 20% is
saturated. Although the density of clusters C and D is equal, moisture
progresses slower in D. At time 3 x 10° s cluster A is fully saturated
while the progress in the other three configurations is much slower.

Cluster B is saturated at 4 x 10° s, but C and D are still resisting

saturation.
Time (secs) 2x10° 3x10° 4x10°
A -
| .
C .
D

Fig. 4.14. Snapshots of moisture profiles for different clusters

Progression of saturation with time is plotted in Fig. 4.15. Cluster A
with the highest density saturates faster than the other three
configurations that have far lower density. The forward and back ward
pull of the layers of filaments on the moisture counteract with each

other and reduces the effect of the filaments. Configurations B, C and
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D have much longer plateau region signifying the retardation effect of

the filaments.

Clearly, the curves have three regions. Initially the moisture is attracted
by the filaments. This is the build-up region. Once the saturation front
reaches the cluster its progression is slowed down resulting in a
plateau region. The efficacy of the cluster configuration in resisting
moisture progression can be judged by the length of the plateau
region. Once the moisture front has progressed beyond the effect of
the cluster its progression is determined by the diffusivity of the
matrix. This region is characterized by the sharp increase in diffusion
rate. Although configuration A has the largest number of filaments the
spatial arrangement of the filaments is not effective in slowing down
the moisture. Configuration B that has less than half the number of

filaments than A has been far more effective in retarding the moisture.
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Fig. 4.15. Fraction of saturated resin for different cluster shapes

49



Configuration B has the least number of filaments. Addition of two
filaments to the right of the basic configuration of B has resulted in a
gain of more than 15% in saturation time. Comparison of B and C
shows that addition of two more filaments has initially resulted in
marginally faster of diffusion in C. Higher pull of the two extra
filaments is responsible for it. However, those two filaments hold back
the progression of moisture at later stages resulting in a longer plateau
region. Thus, the red curve crosses the blue curve and finally reaches
saturation at a later time. Configuration C and D has equal number of
filaments. The only difference is that in C the new filaments are added
at the back of the centre line of configuration B while in D the two new
filaments are in front of the centre line. This subtle difference has a
considerable impact on diffusion characteristics. In D the moisture
front encounters the filaments earlier. As a result, it transitions into the
plateau region quite early. The plateau region continues for the longest

time in this case. Thus, it takes longest to saturate.

This study clearly illustrates that the fibre placement rather than the
density is seminal in determining the diffusion characteristics of the
composite. It should be possible to design cluster configurations for
controlled diffusion in composites. The presented examples should be
useful in designing the barrier layers to resist degradation and improve

durability of composites.
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Chapter 5: Diffusion in Clustered Microstructures

This chapter presents a numerical study of moisture propagation in
fibre reinforced polymer (FRP) materials with spatial tortuosity. An
algorithm for creation of microstructures with clustered fibre
architecture is presented. Several controls for different characteristics
of the clusters are described. Different statistical descriptors of
geometry are used to quantify the clustering. The Fickian diffusion
process has been modelled. The effect of clustering on moisture
diffusion through the FRP is reported. It is observed that

microstructures greatly affect the diffusion behaviour of the FRP.

The work assesses the relation between the statistical fibre
distributions in clustered microstructures and moisture diffusion. An
algorithm has been developed for creation of representative clustered
microstructures. A simple and fast heuristic to create the clustered
fibre arrangement is proposed. The generated fibre distributions are
analysed for statistical spatial descriptors viz. nearest neighbour
distance, cluster scatter and Ripley’s-K function. This chapter provides
an insight of the interplay between moisture diffusion behaviour and
microstructural fibre distribution. Correlation between moisture
diffusion and the statistical descriptors has been examined. The
statistical measures that depict the global characteristics of the
microstructure are found to have a better correlation with time to
saturate the representative volume element. The results should help in

prediction of macroscopic response and durability of clustered FRPs.
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5.1 Microstructure generation

Generation of clustered microstructures has two steps. First an initial
microstructure is generated. The initial microstructure is generated in
two forms- ordered and random. The ordered microstructure
represents total control at the time of manufacturing with no deviation
from the desired arrangement while the random microstructure
represents no control. The clustered microstructures have been
created by moving the fibres from these two extreme initial conditions.
All the micrographs are generated inside a rectangular lattice. The
programming language MATLAB (MATLAB, 2013) is used for the

implementation of the methodology.

5.1.1 Initial Microstructures
A 2-Dimensional square lattice representing the transverse section is
considered. The region is defined by base vector A joining origin to the
bottom right corner (X,,,4x, 0) and height vector B joining origin to the
top left corner (0, Yy,4,) (Fig. 5.1). For a given fibre radius (r) the
number of fibre insertions (n) inside the lattice is calculated from the
fibre volume fraction(vy).

n = o ||AllI|B]/cap) (5.1)

Where A is the cross-sectional area of the circular fibre.
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Fig. 5.1. Small representative regions to symbolize (a) Unit cell within an ordered
fibre (OD) distribution (b) Random arrangement

Fig. 5.1a represents an ordered multi-fibre 2-D model of a unit cell. The
ordered arrangement can be generated by seeding fibre centres at a
defined interval. For a given fibre volume fraction (Vf) and fibre radius

(r), the centre to centre (c-c) distance (x) can be computed as

/rzn/(Vf) . On the other hand, in order to generate a random

architecture (RN) a unique non-overlapping location for a new fibre is

determined. Position vector of the fibre centre ﬁi (it can also be read

as P(X;,Y;) is defined randomly inside the square array as:
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ﬁi - RlA)"I_ Rzﬁ, 0 <R1, RZ <1 (52)
Subjected to the compatibility condition of minimum distance between

any two fibres:

|P—P| = @r+6),v,=123..i—1 (5.3)
Here R4, R, are the random numbers between 0 and 1. The minimum
Euclidian distance between two fibres ||P; — P;| is maintained with G
as the prescribed minimum circumferential gap. Generation of new

fibres is terminated when the prescribed volume fraction is reached.

Fig. 5.2 shows the results of the ordered (OD) and the random (RN)

algorithms.

Fig. 5.2. Initial ordered (OD) and random (RN) fibre phase in matrix

5.1.2 Clustered Microstructures

In order to generate the clustered fibre architecture, the initial
microstructure is processed through an iterative clustering algorithm.
The centres of the clusters can be imagined as the poles in a gravity
field. Due to the gravity field the fibres are attracted towards the poles
in proportion to their distance from the poles. Thus, they gradually

move towards the poles resulting in clustering. For the user defined
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number of poles (m) with position vectors 51, 52,53 e 5m the pole
nearest to a fibre with position vector ﬁi can be identified computing
the Euclidean distance ||Bl||

ID;|| = min(||C = B||), V= 1,2, ... m (5.4
The fibres are moved towards the poles, subject to condition (3),
starting from the nearest fibre. Fig. 5.3 shows the shaded gravity field
and illustrates the fibre pull towards the nearest pole 5k within it. Ml- is
referred as ‘Movement Vector’ directed from the current fibre centre
to the pole. The magnitude of movement of a fibre (||Ml||) is limited
by the locations of other intermediate fibres that trespass its line of
movement. The fibre orientation (8;) in respect to the pole is
calculated as 6; = tan"[(P;j — Cyj)/(P;i — Cxi)]. Once the
orientation is calculated, the fibre is moved towards pole along Mi. The
magnitude  (||M;||) is the Euclidean distance between the fibre and
the pole.
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Fig. 5.3. Movement of fibres for clustered microstructure
A square domain of size 300pum x 300 um with a fibre volume fraction

(Vf) of 30% is considered for clustering with both ordered (OD) and

55



random (RN) arrangements. Three pole points are taken at (100, 100),
(100, 200) and (200, 150) respectively. The results of clustering are
presented for both OD and RN arrangements (Fig. 5.4). The figure
illustrates the snapshots at different instants of progression of
clustering. The clustering percentage of a frame is the fraction of fibres
that have been moved towards the pole with respect to the total
number of fibres. The blue circles show the fibres that have been
moved in the most recent iteration. The initial and the final
microstructures are referred as 0% and 100% clustered microstructures
in subsequent sections.

Ordered(OD

- & i
LA L R R L LR L]

Fig. 5.4. Progression of clustering in ordered and random architectures (a) Initial
microstructure (b) 20% (c) 40% (d) 60% (e) 80% (f) final cluster shapes
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It can be noted that OD produces clusters of similar shapes and sizes
while RN retains its initial randomness in the clustered microstructure.
OD has symmetry in both Axes in its initial configuration. In the present
example the pole points too are symmetric to X-axis. Thus, clustered
structure of OD maintains the symmetry in x-axis (except in the case of
fibres that are equidistant from two poles. In that case, the fibres are
attracted to one of the poles). In case of RN although the pole points
are symmetric to x-axis the initial configuration has no symmetry at all.
As a result, the resulting clustered structure does not exhibit any
ordered formation. OD may be useful in theoretical studies where
effect of different parameters can be studied. RN may be useful in
analysing more realistic clustered structures. Although OD and RN start
from very different initial conditions the shape and number of fibres in
each snapshot are similar. RN produces a distorted version of the
clusters produced by OD. Both structures have been statistically

characterised and correlated for moisture diffusion in this chapter.

5.2 Statistical characterization of microstructure

In this section, the microstructures presented in Fig. 5.4 are statistically
characterised. Three statistical functions have been used. They are
measures of how densely the cluster is crowded. However, they are
different in the method of measurement. This section describes the

algorithms.

5.2.1 Average neighbourhood distance (AND)

Average Neighbourhood Distance is one of the most common
measures to describe spatial clustering (Clark and Evans,

1954;Torquato, 1995; Zangenberg et. al., 2012 ). AND is defined as the

57



average distance of each fibre from its neighbours. The average
distance is divided by the diameter of a fibre to give a non-dimensional
expression (d,,).

d, =X d;; /7 (5.5)
Here d;; is the distance between the i” and the j” fibres in a
neighbourhood. The neighbourhood of a fibre is defined by drawing a
circle of a specific radius with the fibre at its centre. The fibres whose
centres lie within the circle constitute the neighbourhood. In case the
line joining the two fibres under consideration crosses another fibre
then that pair of fibres are excluded from the calculation. An example
neighbourhood is shown in Fig. 5.5. For the i fibre, the fibres j;
through js lie within the cut-off radius. Since the line joining the centres
i-j5 passes through fibre j;, the distance between i and js is excluded

from the computation.

Fig. 5.5. An illustration of fibre neighbourhood
It may be noted x = 2r is the minimum limit of cut-off radius that

describes two fibres whose boundaries are in contact. Three different
cut-off radii (x) = 3r, 4r and 5r (r=radius of a fibre) are chosen. This is

an extreme case of clustering with little practical significance.
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Fig. 5.6. Variation of neighbour distance metric (d,,) with progression of clustering for
OD and RN arrangements

Fig. 5.6 shows the variation of dimensionless parameter normalized
dimensionless parameter d,, for OD and RN for different cut-off radii
(x). It may be noted that d,, is proportional to the x/r. As x/r increases

the area of the neighbourhood also expands. Thus, fibres that are at
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larger distance from the centre are included in the neighbourhood,
resulting in higher d,. As the clustering progresses the fibres come
closer to each other. Understandably, as the clustering proceeds d,,
gradually reduces for both the configurations. Thus, AND is a true
measure of clustering for both OD and RN. The slopes of the curves
have reduced as the clustering progressed converging to almost a zero
slope in all the cases. This indicates that AND converges with
clustering. In the present case the initial &n was higher for OD.

However, as the clustering progressed, both OD and RN converged to
values that are close to each other. It can be concluded that OD and RN

produced statistically similar clusters.

5.2.2 Average Cluster Distance (ACD)

Average Cluster Distance (c_lc) is the mean distance of each fibre from
its nearest pole. The distance is non-dimensionalised by dividing it by
the diameter of one fibre.

de = Ydy /7 (5.6)
Where d;;, is the distance between the i pole and the k" fibre in a
cluster. This measure is applicable only when the clustering is around a
point and there is a defined pole. As the clustering proceeds the fibres
move closer to the respective poles. Thus, ACD reduces gradually. In
this case, there is no neighbourhood. Unlike AND, all the fibres
participate in the calculation of ACD. Thus, AND is a local measure of

clustering while ACD is a global measure.
Fig. 5.7 shows the variation in ACD with the progression of clustering.

As clustering proceeds the fibres move towards their respective poles.

Thus, ACD reduces with the progression of clustering. Therefore, ACD is
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a true measure of clustering. Both OD and RN had almost equal ACD in

the beginning of the clustering process.

11.0 . : . . . . . .

10.5
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9.5 .
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8.0
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70 M 1 M 1 M 1 M 1
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Fig. 5.7. Variation of d. with clustering

The rate of reduction in I is higher in OD than in RN. It was clear from
Fig. 5.4 that OD produces more compact clusters than RN. Due to its
initial random distribution the clusters of RN are distorted versions of
the compact shapes of OD. Thought its distortion the fibres in RN are
spread further from the poles than the clusters in OD. This feature of
the clusters is quite realistically captured in ACD. It can be concluded

that ACD is a good measure of clustering.

It may be noted that the curvature of ACD is opposite of that of AND.
Initially, the fibres that are closest to the poles move towards their
respective poles. Thus, relatively smaller number of fibres moves by
relatively smaller distances. As clustering progresses fibres located
further away from the poles move by larger distances towards the
pole. As a result, ACD reduces at a higher rate with the progression of

clustering. It can be concluded that AND & ACD are complimentary in
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nature. While AND emphasises local changes at the core of the clusters

ACD highlights the global changes.

5.2.3 Ripley’s K function

Ripley’s-K function (Ripley, 1976 and 1977; Dixon, 2002) is another
important tool to perform spatial point pattern analysis. This method
has been used extensively in the field of spatial data mining for a wide
array of problems (Diggle and Gratton, 1984; Doguwa and Upton 1989;
Diggle, 1991; Duncan, 1993; Gaines, 2000). The method gives an insight
of the arrangement for various length scales. Relatively fewer studies
have been performed on the pattern recognition of 2-D composite
materials using this approach (Pyrz, 1994; Myles 1995; Romanov,
2013). From a 2-D composite architecture point of view K-function can
be defined as the ratio of number of fibre centres expected to lie
within a radial distance x from a randomly chosen fibre centre and the

number of fibres (N) per unit domain area (A) (Dixon, 2002):

RGO = A1 % N w(lp 1) ' 1(di; < x)/N (57)
Where 1 = N/A indicates the number of fibres per unit area; d;jisthe
distance between the ™ and the j” points. Indicator function
I(dij < x) =1 if the condition within bracket is true (i.e. fibre is
within boundary defined by distance x from arbitrarily chosen fibre
centre) and 0 if the condition doesn’t hold true; W(li, lj) is a weight
term that accounts for the edge effect. It has the value of 1 if fibre j is
completely inside the boundary of the circle of radius x and centred at
randomly chosen fibre i. If part of the neighbouring fibre falls outside
the boundary then w(li, lj) is the proportion of the circumference of
the circle within the boundary. With reference to Fig. 5.5, fibres j; thru

Js are within the circle of influence i.e. d; ; < x. Therefore W(li, lj) =
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1. Fibres js thru j;o are partially inside the circle. Thus, in their case
0 <w(l; ;) < 1. For the rest of the fibres the indicator function is
zero. Ripley’s K-function for a random domain is described by the
homogeneous Poisson’s point pattern which is also known as complete
spatial randomness:

K,(x) = mx? (5.8)
Fig. 5.8 shows K(x) as a function of x/r when calculated at different
stages of clustering for OD (Fig. 5.8a) and RN (Fig. 5.8b)
microstructures resp. The dotted curve corresponds to K-function
according to Poisson’s point pattern. For 0% and 20% clustering levels
the K-function curves (Red and Blue) lie below the Poisson’s pattern
(K (x) is below K, (x)). This indicates the random dispersed nature of
microstructures. With the progression in clustering, K-function shifts
above the Poisson’s curve. Shifting of K-function above the Poisson’s

curve is an indication of clustering and its severity.

The value of K(x) goes up monotonically with the progression of
clustering. Thus, it is a true measure of clustering. The slopes of the
curves also increase as clustering progresses. Thus, it is also a global
measure of clustering, although some local flavour is brought in

through the neighbourhood circle.

63



ed (OD)
=

@ Ord&

. — . g
00000 SOOOSS

LLE X ] *eee
(L L) eoe

see ﬂ"o!n""u see

Pty ul
e EE e
o

— \A\7

Z &

x 2 //,\o\.\\

RN

- 0,

|m P \Q\, \

@ \

S &

s ===

KN

1 1 1 1 1

[ee] ~ © n <t
mo?oov_

-
(A

’s K statistics function for different x/r and with progression of

Fig. 5.8. Ripley

clustering

64



5.3 Moisture diffusion modelling

The moisture diffusion response has been studied through the
composites architectures of variable clustering levels under
consideration (Fig. 5.4). A proper representative volume element (RVE)
must be chosen for such studies. A small RVE may not adequately
represent the composite system, while a large RVE may not suitable
due to its high computational requirement. Prior research indicates
that a square RVE dimension (40 times fibre radius) can represent the
constitutive behaviour of a composite material (Shan and Gokhale,
2002). Hence, a 300 um x 300 um should be sufficient to represent the

composite behaviour for the fibre radius of 7um.

Majority of the models for diffusion kinetics in composite materials
(Vaddadi et. al., 2003; Joliff et. al., 2012 and 2013) are based on Fick's
law that states moisture sorption is a diffusion mechanism at a
constant rate and constant solubility. The material properties have
been chosen to mimic the conditions that were resorted to the
laboratory-scale experiments (Joliff et. al., 2012, 2013 and 2014). Table
5.1 presents the properties of the materials used in the numerical

examples (Joliff et. al., 2014).
Table 5.1: Properties of fibre and matrix (Joliff et. al., 2014)

Property Fibre (E-Glass) = DGEBA-based epoxy resin
Young’s Modulus (E, transverse) 70 GPa 2.7 GPa

Poisson’s Ratio (v) 0.35 0.35

Density (p) 1780 Kg/m’ 1150 kg/m’

Moisture Diffusivity 0 15x 1073 mz/s

Coeff. of moisture expansion (B;) 0 10° /%H20

Fig. 5.9 is an illustration of a cross-section of a uni-directional

composite that is studied here. The left edge is exposed to a moist
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environment of specified concentration (C,;,5)- At time t=0 the entire
representative model including its other three edges had zero moisture
content. Boundary moisture concentration (Cgp,p) of 2.29% (Joliff et.
al., 2014) has been introduced at the left edge. The moisture
concentration C,y,p is maintained throughout the duration of
diffusion. The rest of the edges in Fig. 5.9 are impermeable boundaries
with no moisture flux entering or leaving them (fz 0) for the entire
duration. These are similar to the boundary conditions used in last

chapter (Chapter 4, Eq. 4.4(a,b) and Eq. 5)
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Fig. 5.9. Present diffusion problem

Moisture diffusion is modelled by the Fickian diffusion based finite
element code ABAQUS. All models of this work were meshed using
guad-dominated (4-noded DC2D4) elements. A prior convergence
study was carried out in both neat resin and fibre matrix domains to
exclude the influence of meshing. Moisture progression through the

resin is observed at distinct time points.

Initially, the left edge is exposed to a moisture concentration(Cy,,p)- It

may be noted that no point in the domain can attain a concentration
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greater than Cg,,p- Thus, it is considered the saturation concentration.
Initially the left edge would reach saturation while moisture
concentration in the rest of the RVE will be lower. With time larger
areas of the RVE will reach saturation. The percentage area of RVE that
has reached saturation at different time instants is presented in Fig.
5.10. The first column designates the levels of clustering. The first rows
show the initial fibre arrangements both in OD and RN. The next 5
models (20%, 40%, 60%, 80% and 100%) for the same volume fraction
correspond to increased levels of clustering. The saturated area is the
fraction of total resin area where moisture content reaches the
boundary moisture concentration. The isolines depict the moisture
progression with time. It is noticed that clustering has a significant
effect on the moisture diffusion characteristics. For OD with no
clustering the isolines are straight. As the fibres get clustered they
affect the isolines and they get curved. The similar phenomenon was
observed in study of smaller microstructures with varying spatial
distribution of fibres in last chapter. In OD, clustering caused faster
progression of moisture through the left half of the RVE. Thus, a larger
area of the RVE is coloured red (indicating saturation) in clustered
microstructures than the ordered one until 50,000 s. After that
moisture progression slows down to a great extent in clustered
microstructures. Finally, at 90,000 s the ordered microstructure is
completely saturated but the clustered ones are yet to be completely
saturated. The clustered microstructures take longer to get completely

saturated than the ordered structures.
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Fig. 5.10. Snapshots of moisture progression for different clustering levels
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Comparison of OD and RN reveals that in this case the saturation is
faster in OD than in RN. That indicates that the present RN has a more
favourable topological distribution than OD for successfully impeding
moisture. However, it cannot be concluded as universal truth.
Depending on the topological distribution of fibres some RNs may be
better than OD while some may be worse. However, clustering had the
same effect on moisture progression in RN as in OD. Due to the
presence of two clusters in the left half of the RVE moisture progresses

faster in the left half of the RVE and slows down in the right half.

To estimate the rate of internal progression of moisture the colour
based spatial” calibration technique (J Image) is used. Fig. 5.11 presents
the fraction of saturated area measured at different time steps for
different microstructures. It can be noted that saturation front moves
exponentially in space. On careful observation of the individual curves
it can be noticed that during the initial stages moisture transport is
faster in the clustered models (20%-100%) as compared to unclustered
models (0%). The trend gets reversed at later stages of the diffusion

process.
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Fig. 5.11. Saturation time for (a) Ordered and (b) Random microstructures

The curves intersected each other at around 60000 s. After that time
moisture progression slows down as the fibres get more and more
clustered near the poles. As a result, the time to saturate increases
monotonically as clustering progresses from 0% to 100%. It is worth
mentioning that location of clusters respective to each other plays a
key role. In this case two clusters are located in the left half of the RVE.
Thus, when the saturation isoline progresses beyond the left half two

clusters pull it to the left while only one cluster pulls it towards the
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right. As a result, the progression slows down greatly. If the direction of
progression is reversed and the moisture is introduced from the right
edge an opposite picture will emerge. Clustering will initially slow the

moisture progression down and later accelerate it.

On comparing Fig. 5.11a and Fig. 5.11b, it is clear that RN takes longer

time to saturate than OD. The gap widens with the degree of
clustering. The RN fully clustered microstructure has the highest time
to saturation, close to 12,000 s. Clearly, the topological distribution of
the fibres in a RVE has greatly affected the moisture diffusion
characteristics. In this case saturation time varies from by over 40%

from a little over 8,500 s to nearly 12,000 s.

5.4 Correlation study

5.4.1 AND vs. diffusion response

The topological entropy based on suggested nearest neighbour metric
AND has been correlated microstructural diffusion response. Fig. 5.12
indicates the linear fit R? values for various x/r ratios of chosen volume
fractions. It may be noted that at low x/r both OD and RN structures
correlate poorly with AND. As x/r increases the correlation with AND
improves rapidly. It has been pointed out earlier that AND is a local
measure of clustering. The saturation time, on the other hand, is a
global phenomenon for the entire RVE. Thus, a low x/r the correlation
between AND & saturation time is poor. As x/r increases the AND
represents more global characteristic of fibre distribution. As a result,

the correlation improves.
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Fig. 5.12. AND vs. saturation time correlation for (a) Ordered and (b) Random
microstructures

5.4.2 ACD vs. diffusion response

The previous example shows that AND correlates better with
saturation time at higher x/r. It indicates that a global measure of fibre

distribution would be preferable for correlating with saturation time.
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The average cluster distance (ACD) is such a global measure. Fig. 5.13
shows an excellent correlation of this metric with the microstructure
saturation time both for OD and RN. The correlation is marginally
better in case of RN than OD. It demonstrates that ACD is able to
capture the topological characteristics very well for the purpose of

moisture diffusion studies.
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Fig. 5.13. ACD vs. Saturation time correlation

5.4.2 Ripley’s K vs. diffusion response

ACD is an excellent measure for diffusion studies in composites.
However, it is for a pole based clustering. For a general cluster it may
not be possible to identify a pole at all times. In such situations Ripley’s
K metric can be a good alternative. It is demonstrated earlier that
Ripley’s K represents the global characteristic of the composite. In this
section the topological entropy based on Ripley’s K metric has been
correlated with microstructural diffusion response. Fig. 5.14 shows the
correlation parameter (R°) of linear fit between Ripley’s K and

saturation time for various x/r cases. A consistently good correlation
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can be observed. When compared with AND Ripley’s K produced better
correlation for the same x/r. In this case too, the correlation improved
for higher x/r. Thus, Ripley’s K is a good metric for statistical
representation of fibre arrangement in composites for assessing
moisture diffusion. RN had a better correlation than OD in all the cases.

However, both microstructures correlated very well with Ripley’s K.
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Fig. 5.14. Correlation between Ripley’s K and saturation time
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Chapter 6: Hygromechanical Response

In this chapter the work is extended to include the moisture induced
stresses along with the rate of diffusion in various fibre architectures. A
numerical study has been carried out to determine moisture
concentrations in the matrix along with the corresponding stresses.
Moisture diffusion and the resulting stresses in a fibre-matrix system
vary considerably with the topology of the fibres inside the polymer
matrix. This chapter reports a numerical study on stress build up in FRP
due to moisture diffusion. The Fickian diffusion model is implemented.
Stresses due to the transient moisture distribution have been
estimated through the finite element modelling. Some fundamental
topologies have been studied. Most important topological parameters
have been identified. Utilising the results of fibre neighbourhood,
interpretation of large microstructures has been discussed.
Considerable interactions among neighbouring fibres are observed in

the stress build up.

6.1 Numerical model

The present problem deals with diffusion inside unidirectional fibre-
matrix composites where fibres are very long compared to their
diameter therefore plane strain model is a reasonable approximation.

Fig. 6.1 is an illustration of the present UD composite.
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To model the moisture diffusion response the following boundary
conditions are taken:
(a) Moisture boundary conditions:
The initial moisture concentration inside the composite is null. The
moisture exposed left edge attains the boundary moisture (C ) as
soon as it is exposed to the environment.
C=0 0<x<aVvVt=0) (6.1)
C=Cimp (x =0,Vt>0) (6.2)
(b) Flux boundary condition:
There is no moisture flux (f) across the other 3 edges (Right, bottom

and top) for the entire duration of analysis

-

(c) Displacement boundary conditions:

U,(0,y) =0 (0<y<bh) (6.4a)

U,(0,0) =0 (6.4b)

The Moisture boundary conditions and flux boundary conditions are
similar to ones used in chapter 4 and 5 to simulate the diffusion

response. Whereas displacement boundary conditions are employed to
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induce the hygromechanical stresses. Here U; and U, are the
displacement degrees of freedom along X and Y directions. With the
imposed displacement boundary conditions the composite exhibits a
controlled expansion in both the directions. In addition to the
mentioned boundary conditions the nodes are tied at the fibre matrix
interface to model the interfacial behaviour. Once boundary conditions
are applied, the resulting linear simultaneous equations of Eq. (3.14)
can be solved for nodal displacements and hence, Eq. (3.15) for
stresses. In this investigation Eq. (3.4) and Eq. (3.14) have been
discretized in a finite element form (ABAQUS/STANDARD, 2011). As the
material properties have been assumed to be unaffected during the
entire process the two governing equations are uncoupled and they

can be solved successively at every time step.

6.2 Numerical examples

The properties of the materials and boundary moisture concentration
are taken after the numerical and experimental investigations (Joliff et.
al., 2014). These are similar to the ones used in chapter 5 (Table 5.1).
The boundary moisture concentration is 2.29% (Joliff et. al., 2014). A
finite element model of the composite was developed based on 2D
plane strain assumption. The convergence of the mesh used in this
study has been reported earlier in chapter 4. At first, simple cases of
neat resin and resin with a single fibre is presented to illustrate the
composite effect. The effect of fibre topology is presented in the end of

this chapter.
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6.2.1 Resin only model

A square domain of side 54 um has been considered to model the
stress build up due to transient moisture diffusion inside the resin in
absence of fibre. The Von Mises stress at the centre of the right hand
edge is presented in Fig. 6.2. Understandably, the stress is zero in the
beginning. It asymptotically converges to around 6 MPa. It may be
noted that the resin freely expands in XY plane, but plane strain
condition imposes the condition €;, = 0. Due to the condition of
isotropic free expansion in XY plane, shear stress agyy is zero at all time
and normal stresses gyxy and gyy are non-zero only when moisture
concentration varies in the XY plane. In the end of the diffusion process
all points in the domain reach the maximum moisture concentration
(2.29%). At that instant, the in-plane strains reach their theoretical
limit. The limiting value of the in-plane strains exy and &yy for the
present material is 0.309%. At that time, the in-plane stresses are zero
because the moisture concentration is uniform in x and y. However,
the out-of-plane stress (0;7) would exist due to the imposition of
plane strain condition. Using the plane strain relation (g;;) for at the
saturation can be evaluated. For the resin matrix of the Von Mises
stress at saturation is 6.183 MPa (g, = ;,CE). It can be seen from Fig.
6.2 that Von Mises stress indeed converges to that value in this

example.
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Fig. 6.2. Mises variation within neat resin

Fig. 6.3a shows &xyx along the centre of the domain from left to right
and at different time points. X=0 corresponds to left edge that is
exposed to moisture. Understandably, the strain is maximum there.
The strain gradually reduces as we move from the left to the right
edge. As the diffusion progresses the moisture concentration
approaches the maximum value throughout the domain. As a result,
the difference of strains across the domain goes down and the entire
domain approaches the uniform strain (0.309%). In Fig. 6.3b the Von
Mises stress along the same line has been plotted. In the initial stages
when the variation of moisture concentration is high, normal stresses
oxx and gyy are present. As the diffusion progresses, due to free
expansion in XY plane, gyy and agyy diminishes and in the end only g,
dominates. Thus the Von Mises stress converges to the theoretical

value of g,,.
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inside neat resin

6.2.2 One fibre in resin

To understand the effect of fibre, one fibre is introduced at the
geometric centre of the domain of resin. The diameter of the fibre is 18

pm which is a third of the edge dimension of the resin domain. All
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other parameters remain the same as the previous example. It may be
remembered that no moisture diffuses into the fibre and its elastic
constant is more than 20 times higher than that of the resin. As a
result, its deformation will be marginal. This is discernible in the plot of
exx (Fig. 6.4a). As a result of introduction of the fibre the interface
between the fibre and the matrix experiences a surge in exyx. The
strains are higher at higher moisture concentrations. With the progress
of diffusion the strains away from the fibre approach that of free
expansion strain of the resin. But the strain in the vicinity of the fibre
remains almost double of the free expansion strain. This example
illustrates the strain build up at the interface of two mechanically
dissimilar materials (glass and epoxy resin). The inset shows the strain
contours at saturation. The concentration of strain around the fibre is

clearly illustrated.

The build up of strain around the interface makes it imperative to study
its effect on stresses (Fig. 6.4b). Clearly, the Von Mises stress in the
matrix close to the fibre is nearly two times that away from it. This
clearly demonstrates the distress of the interfacial region. The inset
shows the stress contours at moisture saturation. It is clear that a
sharp concentration of stress exists around the fibre. Understandably,
this phenomenon makes the interfacial region far more vulnerable to
failure and ageing. Especially, in cyclically varying moisture
concentration the interfacial region is likely to fatigue far more rapidly
than the rest of the composite. In combination with mechanical
stresses, this region is more likely to reach the material limits and
crack. The cracks may increase diffusion and soften these regions. That
in turn can cause fibre pull out and mechanical failure of the

composite.
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the fibre region)

Moreover, the increased diffusion can cause flow of deleterious ions
that attack the fibre. Thus, the stresses at the fibre-matrix interface are
of paramount importance in determining the capacity and life of

composites.
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6.3 A fibre neighbourhood in resin

The previous section illustrated the effect of one fibre in resin. In a
composite there are many fibres and their topological arrangement
can influence the mechanical response of the composite. This section
illustrates the effect of fibre neighbourhood. The effect on the overall
stress due to the introduction of other filaments in the vicinity of the
reference filament is reported. The filaments surrounding reference
filament are named as neighbourhood filaments. The neighbourhood is

characterized by three parameters — angle (8), distance (d) and density

(N) (Fig. 6.5).
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Fig. 6.5. Present diffusion problem

The neighbourhood filaments are located in a symmetrical fashion
across the horizontal line bisecting the reference filament. Thus,
neighbourhood filaments are introduced in a pair at +6 at the same
distance (d) from the reference filament. The angle (8) is varied in a
range of 30° — 150° with an increment of 30°. Five inter-fibre distances
(d) are chosen in the range 2.05R - 3.0R, where R is the radius of the

filament. The considered distance range covers a theoretical fibre
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volume fraction range (35%-75%). Although the theoretical minimum
distance between fibres is 2.0R some gap between the fibres is

inevitable. Therefore 2.05R is chosen as the minimum gap.

The stresses are estimated for the same moisture condition described
in the previous examples. The models were meshed using 4-node plane
strain quadrilateral elements (CPEAT) (ABAQUS/STANDARD, 2011). A
convergence study was conducted to decide the meshing.
Approximately 12,000 elements were used to represent each model.
Time step is chosen according to Eg. 4.6. Fig. 6.6 illustrates the
moisture concentrations and the corresponding Von Mises stress
distribution at different time points for one of the configurations (6 =
30° and d/R = 2.2). The phenomenon of moisture progression has
already been reported in chapter 4. This discussion explains the
stresses caused by the moisture ingress. At all times the moisture
concentrations and Von Mises stress are symmetric about the central
horizontal axis due to symmetry. The stresses are higher near the
fibres and they rapidly go down away from the fibre region. Within the
fibre region the resin sandwiched between two fibres experiences the
maximum stress. Thus, this area is most susceptible to failure and

degradation.
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Fig. 6.6. Moisture progre&sion and stress evolution sn-apsh_ots }or d/R=2. 05 and 9=30°

At 800s the stresses are largest at the interface of the two leading
fibres. It can be seen that a sharp concentration occurs in the region
where the distance between the two fibres is minimum. Due to ingress
of moisture the resin tends to expand. However, the two stiff fibres
constrain the expansion of the resin between them causing stress
concentration. Stress concentration of a lesser degree can be discerned
between the leading fibres and the back (reference) fibre. However, as
the diffusion progresses even those interfaces reach the same level of
stress concentration as the leading fibre interface. The value of the
maximum stress is considerably higher than that in the single fibre
case. Eventually, at t = 4,000s. The stress concentration in this
neighbourhood is more than two times of that of the single fibre case.

This example illustrates the effect of fibre neighbourhood on stress
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concentration. An analysis of the effect of fibre topology on stress

concentration follows.

The subsequent sections demonstrate the influence of the parameters
8, d and N. The transient variations are plotted against two

independent variables- moisture content (Fig. 6.7) and time (Fig. 6.8).

6.3.1 Influence of 6

This section reports the effect of the angle between the neighbouring
fibres and the reference fibre on the mechanical stress behaviour.
Neighbourhood filaments are introduced in a pair at £ angle and at
the same distance (d) from the reference filament. Two cases of d =
2.05R and 2.5R are presented. The orientation (0) is varied in a range
of 30° — 150° with an increment of 30°. Fig. 6.7 illustrates the
maximum Von Mises stress at different states of moisture ingress. At d
= 2.05R (Fig. 6.7a) the fibres are closest to each other and the stress
concentration is maximum. The curve for 150° is almost linear and has
the lowest stresses. The 30° curve has higher initial values but later
follows the 150° curve closely. It may be noted that at 30° the
neighbouring fibres are closest to the left edge. Thus, moisture reaches
them early creating initial high stress. The 60° curve has the highest
stresses followed by 120°. Thus, in 60° to 120° angle highest stresses
are expected. The rest of the curves are bunched together. At 2.5R (Fig.
6.7b) the trends are the same but the stress values are far lower
(almost half) than that at 2.05R. The results show that stress
concentration is far more sensitive to inter-fibre distance than the

angle between the fibres.
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Fig. 6.7. Mises vs moisture plots for (a) d=2.05R and (b) d=2.5R

6.3.2 Influence of d

The effect of inter-fibre distance (d) is analysed by placing the
neighbouring fibres at varying distances from the reference fibre. Fig.
6.8 demonstrates the maximum Von Mises stress at different stages of

diffusion. The stresses build up early and then reach a plateau. It may
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be noted that in case of 30° the neighbourhood fibres are in front the
reference fibre. Therefore, the moisture reaches the fibre earlier than
other configurations. Thus, there is a rapid rise of stress. In case of 90°
the neighbourhood fibres are in line with the reference fibre. The
stress build up in this case is slower than 30°, but faster than 150°,
where the neighbourhood fibres are behind the reference fibre. The
maximum stresses at d = 3.0R are the same level for all the angles. If
we compare these values with that of the single fibre case in Fig. 6.4b
we would observe that they are very close. Thus, it can be concluded
that at d 2 3.0R the neighbourhood effect is negligible. The
corresponding fibre volume fraction is about 35%. Therefore, for
composites with fibre volume fraction less than 35% fibre
neighbourhood has no effect on stress intensification due to moisture
ingress. It is also clear that the maximum stress rises exponentially as
the inter-fibre distance reduces. It is maximum when the inter-fibre
gap is minimum at 2.05R. It is about 2.5 times more than that for
d=3.0R. Thus, the inter-fibre distance needs to be carefully controlled
to avoid premature failure of the composite. It is also imperative to
choose the fibre volume fraction wisely. It is quite common to closely
pack fibres and increase the fibre volume fraction to achieve high
strength and stiffness of the composite in the direction of the fibre.
However, as the fibre volume fraction increases the inter-fibre distance
would reduce and the stress induced by moisture diffusion would rise
exponentially. At around 75% the volume fraction would be highest
and so would be the stresses. Comparison of the three stress patterns
reveals that the stresses are at their peak for d=2.05R and 90°. This
configuration has been further investigated to pinpoint the areas of

stress concentration.
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To demonstrate the variation of stress concentrations with inter-fibre
distance the stress snapshots at 90° have been plotted (Fig. 6.9). It is
seen that the stress concentration occurs in the gap between two
fibres. Due to moisture ingress the resin tends to expand. That exerts
expansive pressure on the fibres. However, the fibres remain dry and
they are stiff as well. Therefore, they impede the expansion causing
stress concentration. The body strain in the inter-fibre region is
proportional to the moisture concentration gradient. For the same
moisture gradient the body stain is independent of the inter-fibre
distance, but as the fibres come closer there is less room for the resin

to expand and as a result, the stress builds up.

d=3.0R
Fig. 6.9. Variation of Mises near the interface zone with increase in inter-
fibre gap (8=90° case).

Fig. 6.10 summarizes the peak stresses for the entire range of 6 and d.
There is one reference fibre and two neighbourhood fibres in all the
samples. At d = 3.0R the stress concentration is negligible. The stresses
rise rapidly with reducing d. All the curves are flat in the region 60° to
120°. These conclusions have been used later to propose hypotheses
on the stress concentration in fibre composites due to moisture

diffusion.
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Fig. 6.10. Saturation stresses vs. neighbourhood orientation

6.3.3 Influence of N

In this Section the effect of the number of fibres in a neighbourhood is
studied. We have seen earlier that a closely packed fibre topology at
90° had the maximum stress concentration. Effect of adding more
fibres at the back and front of this neighbourhood has been studied
(Fig. 6.11). Cluster C1 is the neighbourhood of three fibres at 90° (N =
3). Clis a reference configuration. In C2 the two more fibres have been
added in front of C1 (N = 5). In case of C3 two more fibres have been
added at the back of C1 (N = 5). C4 has two fibres each at the front and
the back of C1 (N = 7). The effect of these neighbourhoods on moisture
diffusion has already been reported in chapter 4. The influence of
additional neighbourhood fibres on the mechanical stresses has been
reported here. For this purpose, peak stress at the same point where it
was maximum in case of Cl1 has been observed for all the

configurations. It can be seen that addition of new fibres in the
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neighbourhood has reduced the peak stress in varying degrees. C3,
with two fibres at the back of C1 has lower stress than C1 but higher
than C2. It has been observed earlier that adding fibres in front of the
base configuration influences moisture diffusion more. Thus, C3 leads
to higher flux and higher stresses than C2. In case of C4 the least
stresses are observed. Thus, we note a beneficial effect in addition of
fibres in the neighbourhood. It may be noted that these solutions are
in plane-strain with &, as zero. With the addition of new fibres
stiffness in that direction increases and as a result, the differential

stresses in that direction reduces.
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Fig. 6.11. Effect of additional fibres and their orientations

6.3.4 Comparison with large microstructure

This Section utilises three conclusions of the previous sections to make
three hypotheses that would enable us to extend the present results to
large microstructures. They are:

- There is no neighbourhood effect at d > 3.0R. Therefore, fibres lying

beyond that distance from the reference fibre may be neglected.
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- Addition of new fibres in the neighbourhood does not change the
solution dramatically and the stress concentration reduces with
introduction of new fibre. Thus, a minimal neighbourhood will yield
conservative solution but not far away from the large
neighbourhood model.

- Neighbourhood angles between 60° and 120° have largely the same
stress concentration. Thus, we can choose an angle between these

two values without sacrificing much accuracy.

In this Section the comparison is for the 90° neighbourhood (C1) result
with that of previously reported large microstructures. In (Joliff et. al,,
2014) a random microstructure was generated and its stresses have
been studied. The maximum stresses and their locations have been
reported. This example compares the stress build up predicted by the
large model vis-a-vis the present neighbourhood 90° model. It is
worthwhile to note that the size of the present neighbourhood model
is small fraction of the whole microstructure model. The volume
fraction of the present neighbourhood models is similar to that of the

large microstructure.

Fig. 6.12 presents the Von Mises stress of the large microstructure with
the present C1. The stresses in the region encircled red are presented
here. The trends in all the three curves are same. At the initial stages
the neighbourhood models predict higher stresses than the whole
microstructure. In case of neighbourhood models the moisture
inducing edge (left edge) is very close from the fibres. Thus, moisture
flux reaches the fibres early. However, in case of the whole
microstructure the sampling point is further away from the edge. Thus

its initial stresses are lower.
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Fig. 6.12. Von Mises stress in C1, C5 and the whole domain

As time progresses all the curves become parallel to each other. C1

predicts about 12% higher maximum stress than the full model. This
result supports all the three hypothesis mentioned earlier and
demonstrates the utility of the present neighbourhood analysis. It can
be concluded that the present neighbourhood analysis can be applied
to any microstructure. The area with the closest inter-fibre gap may be
selected from the microstructure and the results of the corresponding

neighbourhood can be applied to obtain an upper bound of stresses.

As we represent the neighbourhood more accurately we should get
closer to the solution of the whole domain. To test this hypothesis the
local topology of fibres is modelled as C5. It can be seen that C5
predicts the stresses between those of C1 and whole microstructure.
The maximum difference reduces to 8%. These results should facilitate
rapid characterization of microstructures without having to resort to

tedious modelling and analysis.
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Chapter 7: Three Dimensional Analysis

The work presented in chapter 4, 5 and 6 was restricted to studies on
diffusion and hygromechanical behaviour by taking two dimensional
(2D) models. The stresses due to the expansion of the matrix caused by
moisture diffusion are evaluated. A three-dimensional (3D)
micromechanical model is developed to study diffusion both across
and along the fibre. The well-known 2D plane strain condition is
modelled and validated as a special case of the 3D model. The utility of
3D modelling is further demonstrated to analyse the stress along the
fibre length. It is demonstrated that the variation of boundary
conditions along the fibre length has a dramatic effect on the stresses.
The stresses along fibre length computed through finite element
analysis (FEA) are compared against an analytical solution obtained
from axi-symmetric composite cylinder assemblage (CCA) model. This
chapter demonstrates the importance of 3D diffusion kinetics in
unidirectional reinforced polymer composites. The moisture
progression is reported along the fibre length and time taken for
moisture equilibration are analysed for different fractions of surface
exposure. Moreover, in 3D models different boundary conditions at
the fibre ends can be applied. In addition, when Von-Mises criterion is
used in conjunction with plane strain assumption the stress along fibre
(z) direction becomes a function of stresses along the xy plane. In the
present work, the plane strain condition is reported as a special case of
3D modelling by constraining the transverse (xy) planes. It is noted that
plane strain assumption predicts lower stresses at the interface than

the fixed-free condition solved in the 3D case. The stresses along the
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fibre directions are validated against the results obtained by the
analytical concentric cylinder model approach. The importance of 3D

analysis for certain boundary conditions is highlighted.

7.1 Three dimensional model and geometry

The three-dimensional model of a single fibre within a polymer matrix
is created to analyse the moisture diffusion and hygromechanical
response. Fig. 7.1 shows the matrix with a single, long and circular
embedded fibre. The fibre diameter is 18um and the dimensions of
square section along the XY plane are 54um x 54um. The overall length
in the third (Z) direction is 540um. Hence the aspect ratio of the fibre is
30:1. The complete domain is defined by 8 corners. The origin is at
situated at corner O(0, 0, 0). The XY plane 0-1-2-3 is termed as

reference plane. The moisture boundary condition is applied on the

plane 0-3-7-4.
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Fig. 7.1 Three dimensional single fibre in resin model

Different sets of boundary conditions are employed in order to
estimate the states of diffusion through the domain at different
instants. The stresses caused by the swelling of the matrix as a result of

moisture diffusion are calculated.
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7.2 Moisture diffusion analysis

The 3D moisture diffusion is performed by choosing Fick's law
described in chapter 3. The boundary moisture content (C= 2.29%) and
fibre matrix properties are adopted from experimental investigations
(Joliff et. al., 2014). The material properties are similar to the ones

described in chapter 5 (Table 5.1).

7.2.1 Three-dimensional vs. two-dimensional models

The diffusion response is compared for two and three dimensional
models under the similar boundary moisture content. Fig. 7.2 shows
the moisture boundary conditions employed on both 3D and an
equivalent 2D model. There is no moisture influx or outflux through

any other surfaces/edges except the moisture exposed surface/edge.
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Fig. 7.2. Moisture diffusion boundary condition in (a) 3-D (b) 2-D
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To model the moisture diffusion inside the composite following
boundary conditions are taken:

(d) Moisture boundary:

The initial moisture concentration (c) inside the composite is null. The
moisture exposed YZ plane (i.e. x = 0) attains the boundary moisture
(Ccamp) as soon as it is exposed to the moist environment.
c=0 0<x<avVvVt=0) (7.1)
c=cCamp (x =0,Vt>D0) (7.2)
(e) Flux boundary:

There is no moisture flux (D across the other five planes for the

whole duration

-

J=0 (x =ay=0,y=b,z=0,z=—c,Vt=20) (7.3)
The analysis is conducted on FE code Abaqus with the available mass
diffusion procedure based on Fick’s law. The models were meshed
using 8 noded brick (C3D8P) in 3D and 4 noded (DC2D4) elements for

2D analysis.
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Fig. 7.3 Analogous moisture concentration profiles in 2D and 3D models.
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Fig. 7.3 shows the moisture diffusion snapshots taken at different time
instances. The moisture progresses from the moisture exposed face to
the opposite face. It can be noticed that the profiles are identical for
both the models. The effect of mesh quality is clearly visible in 3D
model. The fibre although has zero diffusivity, the snapshots shows the
moisture concentration contour inside the fibre for 3D model. This is
due to the edge effect that arises due to the continuity condition for

the nodes at the interface.

Fig.7. 4. Mass gain with time
Fig. 7.4 shows the mass gain curves for both 2D and 3D models with

the progress of moisture. The rate of mass gain is maximum during the
initial period of absorption. A high initial moisture uptake is followed
by a saturation plateau. M; and M., denote the mass at time t and
mass at time infinity respectively. At that time all points of the domain
will attain the moisture concentration same as that of the applied
moisture (2.29%). This can be understood from the solution of Fick’s
law in Eq. (3.9). The equation indicates that a saturation state will be

approached asymptotically. This is the reason why the curve drawn for
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fractional mass uptake (M;/M..) asymptotes to unity. Thus, it is
important to define a point of saturation. The saturation stage
corresponds to a moisture level > 2.10% (it is > 92% of boundary
moisture which is 2.29%). This exercise demonstrates that 2D model is

sufficient for problems where the moisture load does not vary with z.

7.2.2 Partial (patch) moisture exposure

The moisture progression is analysed when a part of the face is
exposed to moisture. In this case moisture will diffuse both across and
along the fibre. Fig. 7.5 shows the moisture boundary condition to
emulate the partial moisture exposures. Five different cases of partial
moisture exposure along path ratios (/L = 0.1, 0.25, 0.5, 0.75 and 1)

are reported.

Central Plane

0(0,0,0)

Fig.7. 5. lllustration of partial moisture diffusion
Here | is the length of moisture patch and L is the length of the

composite along fibre (Z) direction. The patch is symmetric on both
sides of central plane that is situated in mid-way between plane O-1-2-
3 and 4-5-6-7. Fig. 7.6 illustrates the moisture progression both across
the fibre direction (XY plane) and along the fibre direction at different

time instances. The fibre remains dry because it has no diffusivity. In
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chapter 4 while performing diffusion across the fibre it demonstrated
that the dry fibre creates a high moisture gradient. As a result, the
moisture isolines bend towards the fibre (Fig. 7.3). In case of 3D

moisture diffuses simultaneously both across and along the fibre.
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Fig. 7.6 Cut section views of moisture progression along the xz plane

In the case of diffusion along the fibre the isolines are not curved
towards the fibre. This is expected as in this case the effect of fibre is
identical both upstream and downstream of the moisture front. Fig. 7.7
shows the mass gain curves. It can be noticed that the rate of mass
gain is affected by the patch width. The saturation time is gets

exponentially higher as the patch length gets smaller.
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Fig. 7.7 Mass gain curves for different percentile of moisture exposed surface
Fig. 7.8 shows the moisture progression for a patch exposure of /L =

0.5. Three different section views along the principle plains (XZ, YZ and
XY) are used to illustrate the diffusion kinetics. Moisture progression
along the fibre direction can be noticed from first two views whereas
third view along section XY can be used to visualise the progression
across the fibre. This view shows the section along the central plane
(described in Fig. 7.5). It can be noticed that moisture isoareas spread
out as they approach the fibre. It is due to the high moisture gradient
that exists due to the presence of dry fibre. This results in a faster rate

of moisture progression at the fibre-matrix interface.
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Fig. 7.8. Snapshots of moisture progression along different planes for I/L=0.5
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Fig. 7.10. Fractions of saturated length across fibre direction for different I/L.
The rates of propagation across the fibre (X) (Fig. 7.9) and along the

fibre (2) (Fig. 7.10) direction are compared. The fraction of saturated
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length along the fibre and across the fibre is measured from the
section views YZ and XY respectively at different time instances. The
saturation time is obviously high for small patch lengths. The moisture
saturation is attained first across the fibre and then along the fibre.
This is due to the fact that dimensions across fibre are much smaller as
compared to the length of the fibre. Fig. 7.9 shows that there are three
distinct regions in each graph. Initially, the slope of the graph is high
indicating fast rate of saturation. It continues until the fraction of
length which is exposed to moisture gets saturated. In other words, for
I/L = 0.25 the initial high slope continues until it reaches an I/L of 0.25
in y axis, as there is flow of moisture from the exposed face up to that
length. The diffusion slows down from this point. Then it increases
continuously until the entire length is saturated. This trend is expected,

as Eqg. 3.9 shows quadratic rate of change in moisture concentration.

The present analysis emphasises the importance of 3D modelling to

represent the physics of diffusion kinetics.

7.3 Hygromechanical analysis

This section reports the hygromechanical stress-stain behaviour of the
composite. The geometry considered is similar to the one reported for
the diffusion response. The mechanical boundary conditions are
imposed by constraining the displacements. U;,U,, U; denotes the
displacement degrees of freedom along X, Y and Z directions
respectively. Two different sets of boundary conditions are reported
for three-dimensional models. These are referred as Fixed-Fixed and

Fixed-Free boundaries.
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7.3.1 Condition 1: Fixed-Fixed boundaries

The Fixed-Fixed boundaries refer to the constraints applied on the
planes where the fibre terminates. This is done by constraining planes
(0-1-2-3) and (4-5-6-7) so that the displacement along the fibre
direction (U;) is zero. Fig. 7.11 shows the 2D and 3D geometries. Plane
0-1-2-3 and 4-5-6-7 may be referred as Fixed,;, and Fixed ;4
planes respectively. Applying these constraints prevents the axial
movement of the fibre. It is close to a plane strain condition that is
generally used while modelling in 2D. The boundary conditions for the
3D modelling can be summed up as follows:

U, =0 (onleftplanei.e.x = 0) (7.4)
U; = 0 (on Fixed 5, planei.e. z = 0,and Fixed zpq, planei.e.z=—c)  (7.5)

U, =U,=U; =0 (atcorner 0(0,0,0) and corner 4((0,0,—c)) (7.6)

_ = Fixed 7,4

-Z

>X

Fig. 7.11. Boundary conditions 2D and 3D (Fixed-Fixed) models
The composite exhibits a controlled expansion with the imposed

displacement conditions. In addition to the above boundary conditions,
the moisture boundary conditions are same as those applied during the
diffusion analysis (Eg. 7.1-7.3). The problem is modelled using the 2D
plain strain conditions as well. The displacement along the fibre (2)

direction is zero. Hence the strain components
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&= Yxz= Vyz =0 (7.7)
Yxz = Vyz = 0 means 7,, and 7,,, are zero, and €, = 0 means

o, (oxtoy) 0

E E => 0z = '“(Ux + Jy) (7.8)

&, =

In the 3D finite element framework Eq. (3.8) is solved for the basic
solution variable of nodal concentration (c). The hygral strain (€p) is
calculated from nodal concentration €, = ;¢ and the stresses are
computed using constitutive stress-strain relationships. From the
hygroelastic properties given in Table 5.1, the theoretical stress inside

the resin at the moisture saturation is calculated from the relation:
Omatrix = PnCE (7.9)

The hygromechanical behaviour is analysed using coupled temperature
displacement procedure available on Abaqus. The moisture diffusivity
(D,y,) is defined in terms of equivalent thermal diffusivity (D;) . Using
the combination of thermal conductivity (k), the mass density (p) and
the specific heat (c,), the thermal diffusivity can be defined as
Dy = k/(pcp). However, it is the ratio that is important rather than the
values of the individual parameters. The domains were meshed using
displacement and thermally coupled elements C3D8T and CPE4T

respectively for 3D and 2D simulations.

+1.184e407

+1.099e+07 H%S;gigg
+1.013e+07 +1.007e+07
+3.280e+06 +9.218e+06
+5.427e+06 +8.3668406
+7.5736+06 +7.515e+06
+6.7208+06 +6.6636+06
+5.867e+06 458126406
+5.0136+06 +4.9608+06
+4.1608+06 +4.100e406
+3.307e+06 3757 e+06
+2.45%e4+0¢ +2.4068+06
+1.6008+06 +1.554e406

Fig. 7.12. Von-Mises distribution in 3D and corresponding 2D plane strain model
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Fig. 7.12 shows the Von-Mises stress contours in 3D and corresponding
2D plane strain models. The stresses at the moisture saturation are
illustrated. The stress magnitudes in the matrix, fibre and at interface
are almost identical for both the models. The peak interfacial stresses
are encountered near the fibre edges where the free expansion of the

matrix is prevented.

12 T T T T T T T T

11

=
o

Von Mises Stress (MPa)

— Matrix Fibre ——e——Matrix

_ . . Phase
! I F)hase—ZD —— 3D (Fixed-Fixed)
0 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1
00 45 9.0 135 180 225 27.0 315 36.0 405 450

Fig. 7.13 Von-Mises stresses variations for 3D (Fixed-Fixed) and 2D plane
strain model

Fig. 7.13 shows the variation of Von-Mises stress in the central plane
across the fibre. The stress in neat resin as per Eq. 7.9 is plotted for
reference. The stresses inside matrix away from the fibre-matrix
interface are close to the applied stress. The stresses rise rapidly as the
interface is approached peaking at the interface, which is almost
double of the stress in the matrix. It demonstrates the importance of

bond between the fibre and the matrix. Also this region of high stress
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concentration is susceptible to deterioration due to fatigue and matrix
softening. Clearly, 2D plane strain analysis, as has been widely
reported, captures the phenomenon well and 3D analysis is not
warranted in case of the fibre ends are restrained from motion.
However, the fibre ends seldom have such condition. Therefore, fixed-

free condition is modelled in 3D.

7.3.2 Condition 2: Fixed-Free boundaries

The Fixed-Fixed boundary condition emulates the condition that exists
far away from the ends of the fibre, where the longitudinal strain (g,) is
negligible. At the free surface the fibre is free to move. Thus, Fixed-
Fixed condition does not hold good. The 3D analysis allows us to apply
different boundary conditions at the two ends of the fibre and
investigate the stresses close to its free edge. For this purpose, the
Fixed-Free boundary condition is applied to allow the free expansion
along the fibre axis (-Z direction). This is achieved by removing the
displacement boundary constraint (U; = 0) from plane 4-5-6-7. Plane
4-5-6-7 is referred as Freezma, plane this time. The boundary
conditions remain same for plane 0-1-2-3 and it is referred as Fixed,

plane. The boundary conditions are:

U; =0 (onleftplanei.e.x = 0) (7.10)
Us; = 0 (on Fixed z, planei.e. z = 0) (7.11)
U, =U,=U; =0 (atcorner 0(0,0,0)) (7.12)

Fig. 7.14 illustrates the Fixed-Free conditions. Apart from the
displacement boundary condition, the moisture boundary conditions

remain similar (Eq. 7.1-7.3).
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-Z

>

Fig. 7.14 Fixed-Free Boundary condition
The Fixed-Free boundary conditions resulted in a dramatic variation of

stress-strain behaviour when compared with Fixed-Fixed boundary
conditions. Graphs in Fig. 7.15 shows the Von-Mises stresses at the
fixed edge across the central plane of the fibre from moisture exposed

plane (X=0) to the opposite plane (X=54) on Fixed 5, plane.
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Fig. 7.15 Von-Mises stress (Fixed-Fixed and Fixed-Free conditions)
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In the Fixed-Free case the stresses away from the fibre were marginally
lower than that in the Fixed-Fixed case. As one end of the composite is
allowed to move the resin is able to release stress. In fact in neat resin
there would be no stress in this case. However, interfacial stresses
develop due to the presence of the fibre that does not expand due to
moisture diffusion. While the matrix tends to expand in the Z-direction
the fibre impede that expansion. This is illustrated in the deformation
of the Free 4, Plane in Fig. 7.16. As a result, the fibre experiences a
pull from the matrix, while it in turn pushes the matrix back. This gives
rise to interfacial stresses. Due to this a steep rise in the Von-Mises
stresses in the fibre can be noticed for Fixed-Free condition in Fig. 7.15.
The rise in Von-Mises stresses can be attributed to high magnitude o,

that resulted from the free expansion along the fibre direction

=S, Mises

+d 44 3e+07
+4.074e+07
+3.705e+07
+3.336e4+07
+2.967e+07
+72.598e+07
+2.229e+07
+1.560e+07
+1.492e+07
+1.123e+07
+7.537e+06
+3.848e+06
+1.58%e+05

Fig. 7.16. Deformation of Free Plane
It is clear from the graph that the interfacial stresses in the fixed-free

case are more than four times larger than that in the fixed-fixed case.
Thus, failure in the interface is far more likely near the free edge. This

phenomenon has not been captured in the analyses reported so far.
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Fig. 7.17. Von-Mises stress on Fixed and Free planes (Fixed-Free condition)

Fig. 7.17 compares the Von-Mises stresses close to the Fixed ;, and
Freezmax Planes. There is a considerable variation in the stresses. As
we approach the free edge the Von-Mises stresses come down. This is
expected as the free boundary must be stress free. It is seen in the
stress contours of Fig. 7.16 that the Von-Mises stress for the most
length of the fibre is around 40MPa. The stress reduces rapidly within
the 10% distance from the free edge. As the enhanced stresses in the
fixed-free condition are not reported hetherto it is important to
validate these results with another method. The finite element
simulation results ‘with a simple concentric cylinder assemblage

approach.
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7.3.3 Concentric cylinder assemblage (CCA) model of free
expansion

The concentric cylinder assemblage CCA approach (Hashin and Rosen,
1964; Jacquemin et. al., 2006; Ramezani et. al.,, 2014) analyses the
composite as a micro-model of two co-axial cylinders of different
constituent properties. The simplified model allows the stress strain
variations calculated using the formulations based on the linear elastic

theory.

AC

. Oc

Fig. 7.18 Schematic of concentric cylinder assemblage (CCA) model

It is assumed that a stress-free composite is subjected to a moisture
concentration change (AC). The concentration is assumed uniform
throughout the matrix while the fibre remains dry. Fig. 7.18 is the
detailed schematic of the CCA analytical model. This is an axisymmetric
condition and the equilibrium equations in the r-, 6-, z-coordinate

system reduce to:

d —
aor + 9r—9%6 =0 (7.13)
dr T
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The two independent displacements are u and w in the r- and z-

directions, respectively. The strains are given by:

e _dug _ug __aw
r_dr' e_r'z_dz

(7.14)
Note that only ordinary derivatives are used, because u cannot be a
function of z due to the infinitely long cylinders, and w cannot be a
function of r, otherwise iso-strain conditions in the z-direction are
violated. The displacement field given by Eq. 7.14 can be used to write

the compatibility condition for strains. The resultant compatibility

condition is:

Lo 4 fo7tr — g (7.15)

dr r

Eg. 7.13 and Eq. 7.15 forms the basis of elastic-plastic-viscoplastic
analysis. Eq 7.14 provides the strains, and generalized Hooke's law is
used to determine the stresses from the strains. When hygral strains
are present, they must be subtracted from the total strains derived
from Eq 7.14, in order to determine the stresses. Thus the stress
components become:

o, = A + g9+ &, — 3BRAC) + 2G (&, — BRAC) (7.16)

g9 = A, + €9+ &, — 3BLAC) + 2G(gg — BLAC)  (7.17)

o, = AMe.+ €9 + &, — 3B8,AC) + 2G(g, — BRAC) (7.18)
A is Lame’s constant and G is shear modulus. E, 4, G, and f3;, are
material specific. For a purely hygral loading, i.e. g. = 0, and when
Poisson’s ratio (v ) of constituents are equal a simpler solution is

obtained (Tandon GP, 1995) and the axial stresses in the matrix and

fibre are:
omatrix = (B, — B, )ACEy, [j—j [i—ﬂ [;’—im] (7.19)

O_fibre —_Vm gmatrix (7.20)
z v, 7z
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Where, 1, = (1 —1{1‘2”}{1‘56}) and A, = %[1 - o2

2L1-v J (1-Ef

Here, E is the longitudinal modulus of the composite and can be computed
using the rule of mixture; v refers the volume fraction. The constants for
material are designated by subscripts f and m for fibre and matrix
respectively. The stress behaviour observed using the finite element
method is compared with CCA approach. Fig. 7.19 depicts the results for

stress along the axial (fibre) direction.
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Fig. 7.19 Axial stress along fibre direction (FEM vs. CCA)

The results of finite element modelling are in accordance to the results
predicted by concentric cylinder model for both the constituents (i.e.
fibre and matrix). Evidently, the agreement between the two analyses

is very close.
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Chapter 8: Conclusions

The research reported in this dissertation can be divided into four main

parts:

In the first part diffusion of moisture through a polymer matrix
composite is modelled in finite element using Fickian diffusion law.
Basic diffusion kinetics of a single filament in resin is illustrated. Effect
of neighbourhood filaments is studied along transverse direction
through analysis of a number of microstructures with varying number
of filaments and inter-filament angle distance. Effect of cluster

configuration on diffusion kinetics is presented.

In the second part microstructures of various levels of clustering have
been generated. Three different statistical metrics have been
presented for characterization of the clustered microstructures. The
time to saturate an RVE is considered as a measure of diffusion

characteristics and it is correlated with the statistical measures.

In the third part Hygro-mechanical response of polymer matrix
composites is reported. Stresses resulting due to moisture ingress are
evaluated using a plane strain finite element model. The effect of
introducing a fibre in resin is demonstrated by comparing it with the
resin only analysis. The effect of neighbouring fibre on the reference
fibre is studied through a parametric analysis varying the

neighbourhood fibre angle, distance and number.
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Finally a comprehensive three-dimensional analysis is performed to
evaluate the hygromechanical behaviour of unidirectional fibre
reinforced polymer composites. The 2 stage finite element analysis is
performed by taking single fibre insertion model first to evaluate the

diffusion and then hygromechanical stress-strain behaviour.

The finite element analysis results are further validated by numerical
and analytical investigations. The presented research has led to the

following specific conclusions:

e The progression of moisture is affected by the presence of
filaments and their layout in space. Any addition of the non
diffusing filament disturbs moisture evolution that should
have been exponential in its absence (in neat resin).

e Filaments act as attractor of moisture. Thus, they hasten the
progress of moisture fronts that have not reached them. They
impede the progression of moisture front and retard its
progress once it has hit the filament.

e Filaments, although not diffusive themselves, do not always
lead to an overall lower effective composite diffusivity and
reduce the rate of moisture progression.

e Addition of filaments beyond 90° from the reference filament
leads to faster moisture progression and higher composite
diffusivity. Adding filaments at less than 90° reduces diffusion
rate. Filaments at a distance up to 4 times their diameter
interact with each other. Filaments with larger distance have
little interaction.

e It is not essential to add or reduce filaments in a composite to

control its diffusivity. Composites with identical filament
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density possessed dramatically different diffusivities
depending on their spatial configuration.

The shape of a clustered configuration heavily influenced the
diffusivity of a composite. By carefully designing the cluster
configuration a highly durable composite can be developed.
As time to saturate is a global indicator, AND, that highlights
local characteristics, correlated poorly. ACD happens to be a
global indicator of spatial distribution of fibres.
Understandably, it correlated very well with the time to
saturate and showed a very good coefficient of correlation
(0.99).

Ripley’s K method is also found to represent the global
characteristics of a microstructure but it had a marginally
lower correlation (In a variable range 0.86 to 0.98) with time
to saturate than ACD depending on the radius of circle of
influence (x/r). It can be used as a general measure for
diffusion kinetics in fibre matrix composites.

Stress concentration increases exponentially as the fibres
come closer than 3.0R. Thus, in a microstructure the
neighbourhood with the closest fibres determine its stress
concentration. The angle, on the other hand, is far less
sensitive. Thus, any angle between 60° and 120° yields stress
concentration close to one another.

Addition of new fibres in the neighbourhood reduces the peak
stress. Thus, it is concluded that a minimal neighbourhood can
be studied to gain insight into a large and complex

microstructure.
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The diffusion characteristics along fibre direction are notably
different from the characteristics across the fibre direction;
therefore it becomes imperative to use three dimensional
modelling procedures to evaluate the moisture progression
characteristics.

The diffusion results in sharp stress concentration field around
the fibre. This distress in the region ultimately softens the
matrix in the region that leads to subsequent failure
depending on the interfacial strength.

The 2D plane strain models predict the interfacial stresses
accurately in the interiors of the composite where longitudinal
stress (o,) is negligible. This condition does not hold good
near the surface of the composite where expansion due to
moisture is expected. The stresses in that region are found to
be a few times higher than those obtained based on the plane
strain analysis. Thus, interfaces close to the surface are much
more prone to degradation than the interior region. Hence 3D
analysis is necessary to realistically evaluate the peak
interfacial stresses. This is demonstrated by the results of 3D
finite element models with two different sets of boundary

conditions along the transverse planes.

The microstructural moisture diffusion determines the long term

behaviour of FRPs and their durability in humid environments. Any

microstructural analysis should begin from the smallest entity. The

novelty of this study is the bottom up analytical procedure

commencing from the hygromechanical response of smallest entity

(single fibre), scaled to its surroundings and then the clustered

neighbourhood has been reported. The plane strain theory has been
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questioned for its straightforward applicability in depicting 3-
dimensional stress behaviour. In addition new statistical measures
have been proposed. These statistical measures should be useful in
predicting the diffusion kinetics of microstructures with variable

clustering and hence predict the lifetime at the structural scale.

The detailed computational experiments propose the new and original
industrially relevant results which can be used to improve the
reliability and lifetime of FRP structures (e.g. wind turbines, outdoor

applications) subjected to humid environments.

In the present investigation the conclusions have been arrived from
the study of models with a restricted volume fraction. Therefore
applicability of the measures for a range of volume fractions (dilute to
dense) must also be explored. The future scope of this work includes

the detailed experimental investigations.
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